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Introduction 


Wer sle nicht kennte 

De Elemente, 

Thre Kraft und Eigenschaft, 
Wäre kem Meter 

Ùber die Geister 


[Anyone who does not know about the elements, ther properties, the powers, w1Ïl never be 
master of the sprrtts. ] 


(Goethe, a„sí, Part I, Scene III) 


Chemistry has always been the scIlence of matter and a technology for 
creating new things throuph metamorphosIs and transmutation. According to 
recent statIstIcs there are now more than three million people 1n the world 
who call themselves chemists and they publish over three quarters ofa 
mmllion research papers annually. Most ofthese report the synthes1s and 
properties of new maferials. In 1800 the elements and compounds known to 
chemistry numbered only a few hundred; today, they number more than 
severty-one mllion, or roughly one substance for every one hundred of the 
seven billion people now on earth. 


Few ofthese substances, which include some hundred elements, actually 
exIst 1n nature; rather, they have been 1solated, prepared, and studied by 
chemnsts 1n particular tImes and places by an evolving repertoIre of 
laboratory practices and theoretical 1nsights, and recorded In publications 1n 


varIous languages. Only those chemicals that have been found useful have 
been given some kind of permanent exIstence. The rest remaIn as historical 
virtual cur1osities, thouph they can be conjured 1nto existence when required 
from the deep technical knowledge chemisfs possess ofthe consfItutions, 
structures, and 1nterrelationships between molecules. 


Until William Whewell coined the word “scl1entist” in 1834, those who 
devoted all, or part, of their lives to the study ofthe natural world were 
referred to as “natural philosophersˆ. By the I7th century, however, 
spec1alization had begun and natural philosophy tended to refer to the more 
mathematical and quantitative Interpretations of nature. Those 1nvolved 1n the 
study of plants and animals were said to practice natural history, and those 
studving the properties and reactions of different kinds of matter, and the1r 
exploifation to 1mprove the human condition, were referred to as chemnsts. 


As bodies ofknowledge and practice the 1ndividual sclences have always 
enjoyed shiffting boundarles. This 1s particularly true of chemnstry which, 
until the 1840s, included most of what was later known as experImertal 
physics. Althouph the scIentific disciplines came to have fairly distinctIve 
boundaries In the I9th century, as university departments, academnc Journals, 
and professional societies forged collective professional 1dentities, 
chemistry never became an 1solated discipline. Indeed, we have now reached 
the stage In the 2 Ist century when cultural historIans are askIing whether 1t 
any longer makes sense to speak of chemistry as a separate discIpline, 
because the study of stuff has become so 1nterdiscIplinary——with 
collaborative research and teaching 1nvolving mathematicians, phys1C1Sfs, 
biologIsfs, and engIneers. 


For the purposes ofthis short 1ntroduction to the history of chemnstry, 
however, we shall use the definition of chemnstry proposed by the German 
orgamic chemnst Friedrich Kekulé 1n 1861: “Chemnstry 1s the study of the 
material metamorphos1s of mater1als°. When Chr1stian missionar1es fIrst 
began to translate wesfern textbooks 1nto Chinese 1n the 1870s, they needed a 
term to stand for chemisfry. They coined the phrase 4-hs1eh, literally 
meaning “the study of change'. This was an eminently sensible neologIsm, for 


chemnstry 1s about change. As the AmerIcan historian of chemistry Robert 
SIegfried noted, there 1s a magIc about chemical change. 


Bodles disappear and new bodles with different qualiles appear m therr s(ead. A piece of metal 
can be added to a clear, colourless qui, the metal disappears, and a blue colour appears. Based 
on direct experlence alone there s no explanation avarlabke. 


Thịs book describes how explanatlons were found and new transmuftations 
were điscovered, studied, and exploited. 


Chapter Ì 
©n the nature of stuff 


Early 1n our education we are 1ntroduced to the history of man 1n terms of 
stone, bronze, and 1ron ages——terms first introduced by the Damish 
archaeologist ChrIstian Thomsen 1n 1836. However, the assocIation ofthese 
tecrms with the development of chemnstry 1s hardly ever made expÏlIc1t. 


At first sipht, the term “stone age” does not seem to 1mply anything chemncal; 
but deeper reflection shows that 1t Implies not merely the altering of stones to 
fashion tools and buildings some two million years ago, but recogmnition of 
different kinds of stuff (minerals) and their differing properties. Chemistry 
helped to define culture. The Palaeolithic (Old Stone Age) paIntings of 
Lascaux and elsewhere show that stone-age peoples were able to prepare 
pIgmerfs to colour the1r representations of animals (12,000-8,000 BCE); and 
1t would have been only a smalÏ step from this to the use of minerals and 
plants to extract natural dyestuffs wIth which to colour cloth and clothing 
once socIety had reached an agrarian stage of developrmert. 


By the time the bronze or copper age was reached, the working of minerals to 
produce copper and zInc had been developed. The archaeologIcal evidence 
for mining and cupellation (the removal of lead In an ore by oxIdation) 1s 
extensive, while the analys1s of food remnarts at metallurgical sites 1mplies 
that the early metallurg1sts enJoyed a rich điet of meat and fish—sugøesting 


that they were admrired and respected for theIr abil1ty to transform useless 
hunks ofrock 1nto valuable metal. These metallurgIcal practices continued 
with the discovery of 1ron ore, which gave 1ron-age man the ability to 
produce weapons that made animal hunting and butchering easIer. 


Archaeological chemistry combines analytical chemistry w1th the techniques 
ofindustrial archaeology to 1nvestigate sites of metallurgical actIvIty. 
Chemnsfts In the I§th century pIioneered the 1nvesfigation of ancIent øÏassware 
and other obJects, but since large samples were required for analys1s, 
archaeologIsts were wary of deploying analysis on a large scale for fear of 
destroying evidence. This reluctance to compromise specImens was 
dramatically altered from the I960s onwards, when new analytical 
I1nstrumerfal techniques permitted the use of exceedingly small samples ofa 
material obJect. 


Artisanal sclence 


Excavations In Egvypt and the former lands of Persia and Mesopotamia have 
revealed the chemicals 1dentified and exploited by these advanced 
c1v1l1zatlons from the fifth millennium onwards. For example, #fron, an 
1mpure form of common salt extracted from dry lakes or from the evaporation 
ofNIle water, was used In embalming and food preservation. Perfume 
recIpes have scarcely changed for thousands ofyears. A basic Ingredient has 
always been glycerol, a viscous sugar alcohol. We know from Plinyˆs 
Natural Hisfory (st century CE) that there was an extensive Roman 
technology that involved the exploifation of the algae (Dunaliella salina) that 
1S able to ørow 1n the hostile environment of salt evaporation pans. Pliny and 
others referred to 1t as /os salis or “flower ofsalt”. The cells ofthis brick- 
red halophile contain glycerol and beta-carotene (the precursor of vitamin 
A). Both these valuable commodities are still extracted from the algae today 
as the bas1s of coloured perfumes Just as they were 1n Roman times. 


We© camnot be certain when mankInd first tamed fire from lightmng strikes and 
learned to kindle wood to make 1fs reproduction readily available for the 
purposes of cookIng and heating materials; but this was certainly a 


precondition for the production of pottery and glass (used 1n Jewellery), and 
the extraction of metals. Trees and bushes burn to leave a charred mass 
(charcoal) which was found to release molten metals from rocks, stones, and 
minerals when they were burned together. ArchaeologIsts have found hearths 
1n sites dated at 230,000 vears old. The findings 1mply that various hominid 
specIes had learned how to create, control, and propagate fire. lts control 
provided humans with warmth, expanded their daylight hours, made 
mipration and a perIpatetic lifestyle possIble, and improved mankind”s diet, 
health, and longevity through the processing of meat and vegetables. There 1s 
abundant archaeological evidence that by 8,000 BCE mankind was using 
biochemrical processes (fermenfation) to exploIt øraIns ofvarIous kinds to 
bake bread and to create beer and wIne. 


The abrlity to conftrol fire and temperature led to the first chemical 
technologIes——the production of pottery from fired clays and tempers (such 
as sand and limestone), mefals, ølass, and bitumen products. The exIstence of 
exposed bitumen 1n Mesopotamia led to the creation of crude asphalt 
obtained by mixing the naturally found tar with chalk, sand, and gøravels. 
Asphalt proved an efficient sealant and mortar for housing and boat building. 
Another early chemical technology was the production ofplaster from 
øypsum or limestone that was then used to make large blocks for building 
purposes. 


Glass and dyestuffs 


Glass appears to have been developed from the 1mtial glazIng of stones of 
quarfz using soda water. Such ølass stones (“Egyptian falence”) are found 1n 
sIites dating from 4000 BCE. From these obJects there developed a øenuine 
ølass made from sands (which contained 1ron salts as Impurities), lime, soda, 
and heat dating from about 2500 BCE. By the óth century BCE, antImony ores 
were beiIng added to the glass fluxes In order to remove the øreen tinge of 
ølass caused by 1fs 1Iron content. Clearly this represents a programme of 
emprrical development oftechnology by trial and error of the kind famil1lar to 
the school children——let”s see what happens when we heat //¡s stuff with 


thai. Applied chemnistry (todayˆs chemical engineering) 1s as old as mankind 
and was a sophisticated art long before a sclence of chemistry emerged. 


Glass must have puzzled ancIent technologIsts: was 1t a metfal, since 1t was 
malleable when heated? Herodotus calls 1t “molten stone” or water solidified 
by heat. Its astounding manufacture from such disparate stuffs as sand, alkall, 
and varIous oxides, and 1s astomrshing abrÏIty to take up colour, may well 
have first sugøested the concept of transmufation. If glass could 
metamorphose 1nto valuable stones, mipht not metals øenerally be 
transmuted? 


Among the ancIent Egyptians, ølassmaking was under the direct confrol ofthe 
Pharaohs and considered a holy profession. Indeed, ølass, not gold, was 
revered as the noblest material. However, although glass could be moulded 
and coloured to make artificial Jewellery, ølass blowing, using hollow reeds 
tipped with a clay mouthpIece, appears not to have been Introduced until the 
lst century BCE, and only then was ølass moulded Into beakers and dishes. 
Glass working In the varIous areas of what were later described as the Holy 
Land had a continuous history that culminated w1th the emergence of Venetian 
ølass workers 1n the IŠth century. Glazed pottery followed from the 
discovery of glass and the further ability of glazes to take decoratIve 
pIgmertfs to enhance a pots charm and value. 


Such pIgments were not merely obtained from crushed coloured rocks but 
also from heated mixtures that warrant the term “syntheticˆ materials. For 
example, a blue pIigment used extensively 1n Egyptian tomb paInting was a 
complex of calc1ium, copper, and silicon oxides. Evidence collected from 
Persia and Babylomia has revealed even more sophisticated dyes and 


pIgmertfs. 


Because of1ts stability, as much as for 1s striking colour, the most valued 
dye 1n anfiquity was royal purple (dibromoindigotin) which was extracted 
from molluscs by boiling them 1n tin vessels. This produced a “white” 
version ofthe dyestuff that was readily absorbed by cloth. On reoxidation 1n 
the air the full blue colour emerged—a strIking transmutation. AÁ virtually 
1dentical process seems to have been used by the woad dyers of ancIent 


Britain. Woad leaves were crushed and rolled 1nto balls and left to fermert. 
The balls were traded 1n this form. A second fermenfation 1n warm wafer 
produced a soluble form of1ndigo. A cloth 1immersed 1n this liquid oxidized 
1n air to the 1nsoluble form of1ndigo which was fixed 1nto the textile fibres. 
The technology of dyeIng cloth was to remain little changed until the I§th 
C€TTULTV. 


Metallurey 


While such usages of “manufactured” chemicals signalled the ability of 
natural stuffs to change theIr 1dentitiles, appearances, and propertfIes, 1t was 
the extraction of metals from rocks and quarries that advanced these earÌy 
examples of chemical technology the most——as the terms bronze and I1ron 
ages 1mply. In this respect, 1f 1s sipmificant that the ores from which the 
common metals copper, 1ron, tin, silver, and lead were first obtained by 
oxIdation and reduction 1n a smelting process were all (w1th the exception of 
tin) used as pigmerts before they became the subJect of metallurgical 
exploration. The oxides and sulphides of arsemic and antimony (realgar, 
orpimernt and stibmte) were used as pigmerfs, thouegh the metals themselves 
were not separated until the I3th and 1lóth centurles BCE. The red oxide of 
1ron was used In the decoration ofwalls, while copper minerals were used 
as cosmetics long before I1ron and copper became obJectfs of chemical 
manmipulation. Of course, many meftals such as øold, electrum (an alloy of 
silver and gold), and copper exIsted naturally, but scarcely 1n such 
abundance as to account for theIr w1despread use. 


It would appear that the earliest mines and metallurgical operations 1n the 
West took place In Mesopotama, and that metals were traded for use 1n 
Eegypt. ArchaeologIsts are not certain how the necessary condItions for 
efficient smelting of the common mefals was achieved, though 1t seems 
probable that It was a result oftechniques that had first been applied In 
poftery making——that 1s, using a kiln. Indeed, the common feafure of ancIent 
technology 1s the kiln, which could serve both as an oven for cooking meat 
and bakIng bread, but was also adaptable to hardemng clay that had been 
shaped Into potfery, and further adapted by controlling the flow of heat to 


make glass, or to extract metals from thetr ores. By yet further modification 
the kiln was adapted Into a subliming and distillation vessel. 


As we shalÏ see, from time to time, apparatus, 1nstruments, and experImerfal 
techniques have played a crucial role 1n accelerating the progress of 
chemical knowledge or 1n pushing 1t In new đirections. The kiln can be 
regarded as the oldest piece of chemical apparatus and 1nstrumertation 1n that 
1t (and 1ts adaptations) propelled the advancement of metallurgy and the 
điscovery ofalcohol and mineral acids. 


RecIpe literature 


In a sermon by one ofthe Early Church Fathers (Theodoret of Cyrus), 
chemistry was 1nvoked to Justify belief that the Divine Word had become 
flesh: sand became glass, ørapes produced wIne, and wine became vinegar. 
In each transformation a new stuff appeared and received a different name, 
and In each case something super1or and useful was created. 


Anctert c1v1l1zatlons had knowledge of seven metals (øold, silver, copper, 
lead, tin, iron, and mercury) and a wide variety of “chemicals” that they 
exploited 1n theIr potfery, Jewellery, cosmetics, cooking, and weaporry, and 
as drugs. Our knowledge comes from literary evidence 1n the form of 
Babylomian cuneiform tablets and Egyptian papyri, and the many thousands of 
pre- l 500 CE manuscrIptfs that record recIpes for makIng pIgmenfs, paInts, and 
1nks. 


As the Smithsonian Institution museum curator Robert Multhauf concluded, 
“practical chemnistry appears to have changed very little during the twelve 
cenfurIes between the papyrus Ebers (c.1550 BCE) and the oldest extant 
Greek treatise” on the subJect. He noted, however, that this did not mean that 
development was non-exIstent. Proeress was simply difficult and made up by 
the accruemert of small steps. Using later chemical knowledge, 1t 1s clear 
that these ancient chemisfs had to master a large number ofpractical steps, 
most notably the thermal control of chemical processes, to produce mmetals 


and minerals 1n a state of comparafIve purIty, or at least of more or less 
consfant composition and hence reliability. 


The recIpes 1n the so-called Stockholm papyrus, which dates from around 
300 CE, tend to be either concerned with debasing øold to Increase 1fs bulk by 
adding copper, or colouring the surface ofother metals to make them look 
like gold. How did the ancIents Judge whether such gold was øenuine or 
Spur1ous, or Impure? At least three tests were known to the Egyptians and 
were employed well Into the later Middle Ages 1n the Latin West. In the 
simplest test, a touchstone, a black abrasive stone, was scored agaInsf a 
sample. The “artificial” gold streak obtained on the touchstone was then 
compared with the colour ofa score obtained from a pure sample. A more 
sophIsticated and non-damaging test was to take cormparatIve specIfic 
øravIties ofthe test and pure samples. Thịs 1s the test that supposedly led to 
Archimedes" “eureka” moment In the bathtub, but literary and pIctor1al 
evidence shows that 1t was known long before the trne of Archimedes. A 
third, truly chemical, test was by the use of fire. Ifthe gold sample was 
1mpure, when heated sufficiently strongly any ImpurifIles were oxIdized and 
điscoloured the crucIble 1n which the test or assay was made. Clay crucIbles 
may have been the first pieces of chemical apparatus Invented, and date from 
the óth millennum. 


Egyptian and Greek dyers, ølassmakers, metallurgIsts, Jewellers, and 
pharmacIsts are known to have engaged In tincturing and colouring metallic 
surfaces from at least the 4th century BCE onwards. Such procedures, some of 
whose recIpes have come down to us, were not necessar1ly fraudulent In 
practice or 1ntent, but were probably equivalent to the modern production of 
cheaper synthetic materials. Joseph Needham, the Cambridge biochemnst and 
historian of Chinese alchemy, described this technology as a?1ƒT1ction. 
Fraud, fakery, and deliberate deceIt were only too possIble, and much of the 
rich and entertaimng literature on alchemy, such as Ben Jonsons play 7e 
Alchemisí (1610), hinges on such trickery, human frailty, and øreed. 


Why do stuffs change appearance? 


The 19th-century physicIst John Tyndall noted 1n his Journal, w1th some 
degree of puzzlemert, that his laboratory assistant, while dextrous 1n 
desigming and handling equIipmert, had no 1nterest in why experImernfs 
worked or what explained physical phenormena. Ït appears that no 
fundamerfal scIence was 1nvolved In the artIsanal practices ofthe ancIenfs; 
indeed, almost all “industrial” or “applied” chemnstry right up until the ISth 
cenfury was purely “trial and error” and empirical 1n nature. Ioday we would 
call this an engIneering approach—seeing what an obJect does rather than 
explaining why 1t does 1t. 


Thịs apparent 1ndifference to what we regard as necessary scIenfific 
explanation does not mean that artIsans had no cultural notions about what 
they were doIng and w1fnessing. An Assyr1an cuneiform text dating from the 
Sth cenfury BCE, for example, 1mplies that rituals accompamied metallurgy, 
and this 1s confirmed by the long historical assoc1ation between the common 
metals and the seven heavenly bodIes known to ancIent astronomers (e.g. the 
Sun with gold, the Moon with silver, Mars with Iron). That 1n turn shows that 
early mankind associated heavenly phenomena with earthly events. Such 
“astrological” links, and more generally beliefs 1n the correspondence 
between the macrocosm and microcosm, remained a fundamertal part of 
chemnstry until the I7th century. However, by the 3rd century BCE a few lone 
thinkers 1n the Mediterranean, made rich by the1r trading 1n the region, had 
begun to proffer explanatlons for transmutations and changes applicable to 
both the natural world ofthe microcosm and to those conducted by artIsans 1n 
their workshops. 


Speculations about matfter 


No theory was required by artisans In the emprrical skills of perfume making, 
ølassmaking, cosmetics making, pottery makIng, bronze making, or the 
creation of øold or gold-like obJects. But the Greeks demanded to know whjy 
and how such transmufatlons of form (what we call chemical change) were 
possIble. Why did metals or glass change appearance when melted with 
coloured minerals? Why did beads of silver appear when galena (Impure 
lead oxide) was heated? 


Faced by such apparently realistic and successful examples of 
metamorphosIs by artIsans, Greek philosophers saw these as real 
transmutations similar to the change of water 1nto aIr by evaporation, or the 
ørowth ofan acorn Into an oak tree: that 1s, changes of essence and not of 
mere appearances. The Greeks were thinkers, and asked themselves what 
matter was. How and why does 1t change 1n appearance and properties? 


The earliest thinkers, known as the Presocratics, suggested that change was 
an 1llusion and that matter was ultimately Just one material. Thales (c.625— 
c.547 BCE) famously suggested that the UrstofF, or prImary mafter, was waf€r; 
others suggested aIr or fire. Empedocles (c.494 BCE) proposed that there 
were four basic materlals: earth, air, fire, and water. Other sugøestions were 
that matter was 1nfimtely divisible; or that div1sion was limted untiÏ one 
came evertually to 1ndivIisible atoms that differed only 1n shape and size and 
theIr rapid movemernts 1n a void. 


Aristotle (384-322 BCE), the most creafive of these early philosophers, laid 
stress upon the sensual qualitiles of matfer, 1fs hotness or coldness, 1s 
wetness or dryness, and attached these qualities to the four elements of 
Empedocles (see FIgure 1). None ofthe elements was unchangeable. The 
element water was obv1ously cold and moIst, but when heated 1t transformed 
Iinto air whose qualitles were hot and dry. These elements and theIr quaÏIties 
made up the composition ofthe metals, minerals, and plants of the 
observable microcosm. For centuries the four elements were believed to be 
the roofs of all matter, and even to the present day they remain embedded 1n 
chemical terms such as alkaline earths, rare earths, fresh (pure) aIr, 
infflammable alr, agua ƒorfis, and aqua regis. 
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1. The four elements and their qualitie s. 


Aristotelian chemnstry 


In the hands of Aristotelian philosophers, the possible transmufation ofone 
metal 1nto another was theoretically Justified as the transfer of forms and 
qualities that differentiated an otherwIse basic, formless, underlyIng matfer. 
Later philosophers called this ñylornorphism. 


ArIsfotleˆs categorIes and matter theory more or less obliterated those of hIs 
teacher Plato (427-346 BCE), whose 77zzew„s had postulated a structural and 
mathematical model of matter based on triangular and polyhedral forms. This 
theory, too, had sensual and possIbly technological roots, based upon the 
shapes and textures of observable materials. However, such structural, 
corpuscular, or atomic speculations were overwhelmed by the more 


powerful Aristotelian model and only reappeared 1n the Latin West In the late 
Middle Ages. 


Equally inluential was Aristotle”s analys1s of causation: what 1s a particular 
stuffˆs purpose (a final cause)? What makes a stuff have 1ts particular shape, 
appearance, and properties (formal cause)? What 1s 1t made from (material 
cause)? And what causes 1t to express the properties that 1t does (efficient 
cause)? In the case ofa metal, for example, 1ts purpose can be for 
construcfion, 1s form or propertIes are ø1ven by 1t being a metal derIved 
from Its particular qualities, 1ts material nature 1s ø1ven by 1fs composifIon 
from earth and water, and 1ts efficIent cause 1s to be found 1n 1ts long ørowth 
I1nside the earth from a trapped dry smoky exhalation that coupled with 
another moIst vaporous exhalation. Other non-metfallic minerals were formed 
1n the same way depending on the relatIve amounts ofthe two exhalatlons. In 
the hands of later Arab chemists this explanation was developed Into the 
sulphur-mercury model of composition. 


Alchemy 


The earliest surviving Greek text concerning alchemy 1s “Of natural and 
hidden thingsˆ (Physika kai Mystika). In 1t we find for the first time the 
đivIsion of the preat work of makIing gold (chrysopoeia) 1nto the four 
experIimerntal stages ofblackening (zgređo), whitening (a/bedđo), yellow1ng 
(ci#rinafus), and reddenming (rwubeđo). The book 1s offen attributed to 
Democritus, possIbly the atomnst. Transmutations are mainly done the dry 
way, that 1s by fire. 


The development of the water bath, or 5a7n marie as 1t 15 stiÏÏ khnown 1n 
Europe, 1s attributed by Zosimus of Panopolis (f1. 300 CE), the preatest 
author1ty among Hellemstic alchemnsts, to a female alchemist named Mary 
the Jewess. We know nothing about where she lived, or when she was actIve, 
though from her references to God as having directly revealed the secrets of 
nature to her and that they were not to be passed on to those who were not of 
“the race of Abraham, her JewIshness 1s confirmed. 


Zosimus quoted extensively from one of her manuscrIpts entitled (2 
Furnaces and Apparafus, and 1t 1s from this that we know she constructed 
and used some eighty devices made from glass, clay, and metals to sublimate 
and distil various materials like mercury, which she descrIbed as a “deadly 
pOoIson, since 1t dissolves øgold, and the most 1nJurIous ofmetals°. Among her 
appliances, no doubt derived from cookery, was a double vessel, the outer 
one of which was filled w1th water and heated while the Inner vessel 
confained the materials to be treated by the gentle warmh. 


Ít seems quite probable that, like Liebigˆs I9th-century condenser, the water 
bath had been In use for centuries before and that 1t was the fame and prestige 
of Maryˆs writings that led to 1t beIng forever associated with her name. 
'Whatever the truth ofthe assocIation, her book on apparatus, which also 
included accounts of varIous forms of still, infuenced later Arabic 
alchemnsts and through them, practical alchemy 1n Europe. 


Zosimus and other Greek alchemnsts collected many alchemical recIpes from 
Mary Including ones for the preparation ofthe philosophersˆ stone, a 
mysferious seed that supposedly precIpitated an 1nstantaneous transmutation. 
These 1nstructions, while clearly based upon real chemical manipulations by 
heat or distillation, were already wrItten 1n a figurative language that relied 
upon the apprecIatfion of analogIes between metals and man, and matter and 
SpII. 


Chemncal language 


The ancIent (al)chemists obviously derived much of their apparatus and 
mamipulative techniques from the equipment used and developed by artIsans, 
technolog1sts, metallurgIsts, and pharmacIsts, whose heating, cooking, 
subliming, and distillation technques were grist to the mill of later chemisfs. 


Alchemy also provided later chemnstry with the idea ofa symbolic language 
for practitioners ofthe art. Here, however, the multiplicIty ofsynonyms for 
the same thing served not merely to obscure matfers for the unimtiated but to 
Increase greatly the degree of symbolic allusion—to the utter mystification of 


later readers and 1nterpreters. For example, accordiIng to one Greek 
alchemical lexIcon, mercury was “the seed ofthe dragon', or “dew”, or “milk 
ofthe black cow”", or “Scythian waterˆ, or “water of sIlverˆ”, “water of the 
moon”, “river water”, and “divine waterˆ. A Persian source Ïists over fiffy 
synonyms for the philosophers” stone. 


Given that the same synonyms were also used for different substances, the 
resulting poetical muddle must have been as confusing for alchemical 
practiftloners as 1 1s for later historians. Isaac Newton (1642—1727), for 
example, spent years compiling an ¡đex chemicws 1n an attempt to make 
sense ofalchemical language and allegory. Why the secrecy and obfuscation 
of language? We have to recogmize that chemnstry as late as the 17th century 
was still not a public science and that 1n the absence ofa patent system, 
methods for producIng medIcInes, or carryIing out chemical procedures that 
had potential cash value 1n a world ofsaleable commodities, were best kept 
secret or only shared among cognoscentI. Moreover, øold making, 1f ever 
perfected, threatened state economies, or 1t might be used to usher 1n the 
millennium as some relIgIous fanatics believed. 


Historians have become adept at understanding obscure alchemical texts with 
their extraordinary 1llustrations and multiple hidden names (Decknamen, as 
scholars call them) for common substances. lt turns out that these can be read 
like cryptic crossworđs as accurate accounfs of physical and chemical 
changes by reproducIng alchemical recIpes 1n the modern laboratory. 
Chemistry was to be a rich source of metaphors throughout 1ts history, and 1t 
seems chemical metaphors were first adopted by bards who knew theIr 
audiences were familiar with the blacksmithˆs workshop. 


Arabic alchemy 


The development of the monotheistic relIg1on of Islam 1n the 7th to I0th 
centuries led to a period of profound learming In the Muslim emprre that 
embraced all the øreat centres of former Greek and Roman culture. The word 
“alchemy”, meaning “the art of chemnistry', 1s a reminder ofthe Important 
contributions that the Arabs made to chemnstry. Several other Arabic words 


such as alkal1, alembic, elIxir, and alcohol remain part ofour English 
vocabulary. 


Chemical and pharmaceutical recIpes and apparatus were Inherited by the 
Arabs and developed by, among others, Jabrr 1bn Hayyan (c.721—§15). We 
know litte ofhis life, but 1t 1s certain that a Jabirian school of chemnists 
emerged that knew and taught how to prepare mineral acids and alcohol 
throuph 1ntricate distillations. The generafion of metals 1n the ground was 
now attributed to Interaction between highly purified and ethereal versions of 
mercury and sulphur. Even more sigmrficantly, Muslim alchemists developed 
the model that different metals contained 1nternal and external qualities. 
Thus, 1f gold was hot and wet externally, it was cold and dry Internally; 
whereas sIlver was the opposIte. Hence to transform silver Into gold, a 
reversal of qualitles was needed. 


Arabic and Svriac theoretical and practical knowledge passed to the Latin 
West via a varlety of peoeraphically different translation routes. By the I3th 
cenfury we find many ofthe data accumulated by Arabic chemnsts 
summar1zecd 1n the Swna Perƒectionis by a FrancIscan friar named Paul of 
Taranto, who used the pseudonym of “Geber” (see FIgure 2). 


The relationship between the wrItings of Jabir and Geber caused much 
confroversy between Œerman and British scholars In the early 20th century. 
W© now believe that the wrItings attributed to Geber, while based on Arabic 
origInals, included many orIginal additions. The most 1mportant of these, 
according to the detective work ofthe American scholar WIlliam NÑewman, 
was a form of corpuscularianism derived from Aristotle”s concession that 
(despite his obJectIons to atomism) there were #?1ma nafuralis, OT 
“molecules” as we would say, which limted the analytical divIsion of matter. 


In Geber”s writings, JabIr ˆs Internal and external qualitles were 1nterpreted 
1n corpuscular terms. This øave new power fo the notion oftransmufation 
whereby one searched for a tool that would lead to a structural 
rearrangemert. One tool sueøested was mercury. But the Geberian school of 
alchemy was also thoroughly Chr1stian, so transmutations were aÏso seen as 
metaphors for spiritual transformation, improvemerts, and rebrrth. 
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2. The tide page of Philosophi Ác 1lchemisfae (1529) attributed to 
Geber showing two chymists hard at work behind a distillation vessel. 


What's In a name? 


The presumption of early 20th-century historians was always that there have 
been obvious demarcation lines between chemnstry and alchemy, and that 
these were clear even before the lóth century. Qur use oftwo different words 
1mplies historIoegraphically that the two fields were distinguished In the past 
— that there were two distinct disciplines. Chemistry was mechamIsfIc, 
alchemy was vifalistic and spirItualistic. This 1nterpretafion 1s not supported 
by recent studies, which show that alchemnsts often thought In terms of 
minimal particles or corpuscles, and that they were Interested 1n the 
quantities and weights ofthe stuffs they reacted together Just like real 
chemnsts. 


The American chemnst historian Lawrence M. Principe, working with 
William Newman, has emphasIzed that any attempt at differentiation 1nvolves 
using contemporary distinctions backwards. In the 17th century the terms 
alchemy and chemistry were used 1nterchangeably. Alchemy restricted to 
øold making (chrysopoe1a) 1s a later distinction. For example, we find books 
entitled New Lighf on Chymisfry (1604) that cons1st entirely of transmufation 
recIpes (1.e. 1ts alchemical), while an inluential book by Andreus LIbav1ius 
(1560-1616) 1s entitled 4/chemia (1597) althouph 1t 1s not about gold at all, 
but concerned with the chemical operations of distillation and crystallization, 
and the preparation of pharmaceuticals (see FIgure 3). 


To avoid confusion, Principe and Newman have suggested that historians 
should use the archalsm chy¡síry when referring to early-modern chemical 
and alchemical practices before the end ofthe I7th century. The current 
consensus 1s that chemistry øerew directly from what was called alchemy or 
alchyma. If we consIstently appÌy the term chymnstry to all chemical practice 
before the I§th century we also underline the fact that althouph the pre- 
modern world view was quite different from those held by 2]st-century 
chemnsts, 1fs practical activitles were those that are familiar today. But 1f so, 
how dịd the terms alchemy and chemistry become differentiated? 
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3. Tidle paøe of Libaviusˆ 4/chymza (1606). Thịs folio volume contfains 
about 200 ïllustrations of che mical ølassware. apparatus, and furnaces, 
as well as desiøns for an ideal che mical laboratory. 


Chymnstry becomes chemnistry 


In De la Pirotechnica (1540) the Italian technologIst VannoccIo BiringuccIo 
summar1zed exIsting knowledge on mining, metal, and glass working 
knowledge that had long been protected by the secrecy ofthe artisansˆ guilds, 
though frequently “leaked” by the many “books of secrets” that had circulated 
since the appearance of Secrefumn secreforum 1n the 12th century. 





Biringucclo was one ofa rIsing band of “artIst engIneers” who began to 
publish the knowledge they had gaIned from thetr practical artisan 
workmanship, and to compare this knowledge with the Greek classical 
heritage and the theorIes of matter ofthe chymnists. The result was a critical 
appraIsal of the theoretical with the observational. In particular, BIringucc1o 
warted to free alchemy from 1ts overlay of Hermeticism and to develop 1ts 
quantitative aspecfs In order to Iimprove metallurgIcal techniques, especially 
for the production ofartillery. Another 1mportant handbook of the same 1lk 
was Geog AørIcola*s De Re Metallica, published a decade after De la 
Pirotechmia. 


lt was only In the I§th century that the term “alchemyˆ became restricted to 
the futile task of the transmufation of base metals and “chemnstry' to the 
analys1s and synthesis of materials. Even then we find that “chemistry` was 
largely restricted to a medical context inherited from chemiatr1a or 
1atrochemnstry (Chapter 2). It 1s 1n this century that we see alchemists 
dismissed as frauds and alchemy as a hopeless cause. By the time we reach 
the preat French Em„cylopaeđia of T753, chemnstry 1s defined as the sclence 
“which concerns separations and unifications ofthe principles making up 
bodiesˆ, and alchemy as “the art oftransmuting mefals°. In other words, the 
synonyms alchemy and chemistry have become non-synonymous. 


The disappearance of alchemy 


The fundamerntal reason for the disappearance of alchemy (1n the sense of 
chrysopoeia) was that 1t dịd not work; what dịd work, however, was that 
chymists could earn real money by being useful In helping a nations 
economy and by preparing for sale varIous chymical nostrums. 


The German chymist Johamn Glauber, for example, made his fortune not from 
making gold but by preparing and selling “sal mirabelle°, a wonderful salt he 
had accidentally prepared when forming hydrochloric acid by the action of 
sulphuric acid on table salt. Glauber ˆs salt, as 1t became known, and we 
know as sodium sulphate, proved a highly efficient laxative. Another 
1nteresting alchemical figure, Leonhard Thurneysser, became a rich man 
when, under the patronage ofthe Elector of Brandenberg, he established a 
factory employIng some 300 people for the production of saltpetre, acids, 
alums used as mordants, ølass, and pharmaceuticals. 


In the last decade, historians have traced the downgrading of alchemy 1nto a 
pseudo-scIence. This boundary work was largely done by French chemnsts 
working 1n the Académie des ScIences from the 1740s onwards. Ït was 
achieved by delimiting alchemy to gold makIng (whereas, as we have seen, 1t 
was rather more than that) and dismissing alchemists as øreed-drIven frauds. 


Alchemical facts were also taken out of their alchemical contexts, 
reInterpreted, and transformed 1nto reproducIble chemical facts. For 
example, consider this 1mpressive and wonderful alchemical experImert. Ifa 
mixfure ofmric acid, mercury, and silver are allowed to stand for a couple 
of months, the mix “vegetates” Into a tree-like form of silver called Dianaˆs 
Tree. But whereas alchemnists had seen this tree as evidence ofa vifal sp1rIt 
and a key step en roufe to the philosophersˆ stone, French chemnsts discussed 
1t under the propertIes of silver and as an example of mechamical crystal 
formation. They reInforced this Interpretation by showIng how similar trees 
could be øgrown using lead or 1ron 1nstead of mercury. 


W© should note an 1important historiographical point here. The alchemnists had 
not lied about such trees: althouph the transmufation ofbase metals Into øgold 


was a chimera, alchemists” accounts ofthe chemical changes they w1tnessed 
W€F€ nOf ImagInary. 


French chemnsfs still had to concede alchemys theoretical possIbility 
because oftheir own ørow1ing commnitmert to corpuscular models of 
chemical change, but they dimimished 1fs sigmifficance by only mentioning 1t 
unđer the rubric ofthe chemnistry of gold and not as a subJect In 1fs own rIpht. 
French academiclans had the power to enforce the separation and distinction 
because 1s members, under Royal prerogative, acted as reviewers for 
publications. So any gold-making claims could be traduced and explained 
away by ordinary acid-alkali chemnistry. Moreover, the acadermiclans 
extended this critical reviewIng and boundary work by reinterpreting older 
reports of transmutations as chemical facts. 


Alchemy's heritage 


Alchemy, and chymistry more generally, bequeathed to modern chemnstry a 
rich var1ety of chemical operations, manipulations, techniques, and 
apparatus, but not the conceptual frame of modern chemnstry. Historlans can 
explain alchemys demise by 1fs flaws——mystIcIsm, metaphorIc language, and 
1{s fallure to work. What dịd work was 1fs application to useful arts and, 
above all, 1ts service to pharmaceutical practice. In such areas commmerc1al 
øains were to be found that were noticeably absent 1n the attempt to transform 
base metals Into øgold. The alchemnsts” prImitive 1deas of corpuscular 
composifion also proved a useful theoretical thread that led towards modern 
chemnstry. 


From the 1960s onwards, historIans have 1ncreasingly viewed alchemy In 1fs 
cultural and historical conftext, and 1t 1s here we find that 1†s pracfItIoners 
made no distinction between gold making and practical chymistry. Rulers In 
the European courtfs supported both practices while sclentific 1cons like 
Boyle and Newton practised both. 


Chapter 2 
The analysis of stuff 


The fundamerntal problem 1n chemnstry 1s transmutation. How can two 
homogeneous stuffS with very different properties merge to form another 
homogeneous maferial whose properties are different from the reactants? 
SInce the reaction can be reversed and the original reactants repenerated, 1t 
would seem that they are 1n some weird way stIÏÏ present 1n the product. But 
1f so, why are the properties completely different and not merely an 
averaging of the reactantsˆ” properties? 


Aristotle had met the 1ssue of homogeneity by teaching that the reactanfs 
forms were present 1n the product “potentiallyˆ. This was not Just a chemical 
problem; 1t was one that medieval theologIlans wrestled with because of the 
1sSue Ofthe Catholic teaching of transubstantiation of bread and water Into 
the body of Christ. Consequently, any reJection of Aristotelian philosophy 
could be regarded as a reJection ofa fundamertal Christian doctrine. 


The redIscovery and publication of Lucretiusˆ didactic poem, De rerwum 
nafura (Ơn the Nature oƒ Things), 1n 1473 brought Greek atomism back 1nto 
cIrculation. In princIple, atomism gøave a more safisfactory explanation of the 
homogenetIty problem. Atoms came 1n varIous shapes and s1zes and different 
substances arose from the varIous structures the atoms assumed. 


The theory”s fatal weakness (apart from 1fs atheIstic Iimplicatlons) was that 
there were no rules that explained why atoms adhered to each other 1n 
particular ways other than unsatisfactory appeals to attraction and repulsion. 
Even so, we find a general revival of corpuscular explanations among 
chymists during the Ióth and 17th centuries; but their corpuscles were not 
featureless atorms, but property-bearing particles that showed a compromnse 
between orIginal Greek atomism and Aristotelian forms. Even In the 2l st 
century, the problem of homogenetty has to be explained by additional 
concepfs that go beyond bare atoms: Ideas ofvalence, bonding, electromc 
shells, and orbitals. 


\W© have seen how the orIgins of chymistry lay 1n the metallurgical, 
distillation, and glassmaking activities of Graeco-Egyptian artIsans. 
Knowledge ofthese practices was passed on to the Arabic conquerors of 
Europe from the 9th century onwards, and Arab chymists were able to 1solate 
mineral acids such as mtric and hydrochloric acids, as well as alcohol. 
'When knowledge of Greek and Arabic chymistry passed to the Latin WEst 
throuph translation and trade, these new distillates were øradually put to use 
1n the preparation of medIcinal materials by, among others, the FrancIscan 
John of RupescIssa (f1. 1340), whose preparation of “quintessences” proved 
useful to Paracelsus (1493—1541) and his followers (see FIgure 4). 


Paracelsus not only expanded the Arabic doctrine that two princIples, 
sulphur and mercury, were the roots of all things by adding a third principle, 
salt, but he taught that the universe 1tself functioned like a chemical 
laboratory. God the Creator, he believed, was a divine alchemist whose 
macrocosmic drama was mrrored 1n the microcosmic world of man and 
earthly creatures. lt followed that physiological and pathologIcal processes 
were chemical In nature, and that disease was best treated by chemical 
medIicines rather than by the herbal ones ofthe ancIenfs. 
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4. Furnace with hooded distillation apparatus. Hieronymus Brunschwig, 
Liber de arte dIstillandi de composifis (Strassburg, 1512). Thịs was the 
first printed book to describe the preparation of distilled me dicines 
(quintessences) from plants and other materials. 


Paracelsus and 1atrochemistry 


One of the most curIous personalities ofthe lóth century was Theophrastus 
von Hohenheim who was born 1n Šw1tzerland 1n about 1493. the son of the 
town doctor of EInsiedeln In the German-speaking Swabian canton. His 
childhood was disturbed by the Swabian war In which ŠW1ss canfons 
struggled for independence agaInst the authority ofthe Holy Roman EmpIre, 
and the family soupht refuge 1n Austria in 1502. As a child he suffered from 
rIckets, but his father Instructed him 1n medicine and as a young man he also 
learned a good deal by talking to miners and metallurg1sts. 


Paracelsusˆ life was that ofa wanderer. The only settled period In his life 
came 1527 when, as a result of1mpressing some 1nfluential humamists with 
his cures, he was appointed municipal doctor 1n Basel. The Job also Iincluded 
the Inspection ofthe apothecarles” shops, and he was soon accusing 
apothecarIes of cheating theIr customers. He also offended local physicIans 
by attacking what he saw as outmoded and 1ncorrect Galenic medicIne, 
lecturing 1n German 1nstead of Latin, and dressing In workmen's clothing 
rather than those ofa gentleman physIcian. AÁ year after his appoIntmernt he 
was forced to leave Basel and resume his life as a wanderer, preaching and 
practising medicIne, and printing his tracts and homilies as the opportunity 
arose. He died In Salzburg In 1541 and was buried 1n an almshouse (see 


Figure Š). 


For publication purposes, Theophrastus took the Latimzed name of 
Paracelsus, which has often been taken to mean “øreater than Celsus”, the 
Roman medical authority ofthe Ist century CE; but 1t was more likely simply 
an Iinvented LatImzation ofhis family name, HohenheIm. HIs wr1tings were 
filled with angry diatribes agaInst the Roman Catholic Church and at 


orthodox medicIne. The orIginal heterodox “angry young man", he welcomed 
confrorfation and avoided compromnse. To come to terms with him In the 
2]st century 1s difficult, until one realizes that in the Ióth century religion and 
sclence were 1nseparably two sides of the same coin. His medical and 
chemical work were but minor aspects of his relig1ous beliefs and goals for 
the complete reformation Of soc1ety. 
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5Š. Paracelsus. From a woodcut fronfispiece fo an edition of his works 


published in 1567. The crest is that of the Hohenheim family and the 
pommel of his sword contfains a universal medicine he named “azoth'. 


In essence, Paracelsus was a “spIritualist” who saw spirIfs from the stars and 
heavens as the essences of chymical bodies. He saw his mission 1n life to 
reform both natural philosophy and the theology of which 1t was part and 
parcel. Living as he did 1n the turbulence of Protestant attacks on the Pope”s 
authority, and amid the disturbances of the Peasants” War against landlords 


and authorrty, and everyone”s fears ofa Moslem Invasion of Europe from 
Turkey, Paracelsus agitated for wholesale revolution 1n religIous practice 
and natural philosophy, believing that the millennium was at hand and that 
God had ordained him to be an 1tinerant prophet to prepare for the second 
comnng of Christ. 


It was 1n this deeply religIous context that Paracelsus made his medical and 
chemical 1nnovations. HIs reputation as a doctor probably lay In hIs 
Conservafism and non-InterventionalIsm on the ørounds that nature can 
perform 1s own cures; to this he added a repertoire of medIcatIons——small 
doses of chemical remedies. He saw alchemy not as gold making, but as a 
Wway Of separating useful obJects from the useless through the extraction of 
their essences. He derided his contemporarIes” adherence to Galen”s 
humoral theory that assumed that disease was due to the upset ofthe normal 
balance of the four humours——blood, phlegm, and yellow and black bile— 
that made up a patIent°s normal consfitution, and he argued 1nstead that 
diseases were specific and had specific locations. He sought the causes of 
disease 1n Inappropriate diet and from “poIsons” that were ultimately drawn 
from the stars. 


Remedies could be 1dentified from thetr “signatures”, using signs drawn from 
shape and colour 1n plants that resembled or sugsgested analogles wIth 
specific anatomical organs. For example, a yellow flower mipht indicate that 
1t was suifed to the treatment ofa diseased liver. ExIisting herbal medicine 
offten used similar argumerts, but Paracelsus differed from herbal 
practitioners 1n not using the flower or herb 1fselfas a medication, but 1n 
using an extract produced from the flower by chemical means such as 
đistillation in alcohol. In addition, using his chemical and metallurgical 
knowledge, he prepared and used small quantitles of metallic salts and 
distillates. 


He thereby set In motion what became known as 1atrochemistry or medical 
chemnstry. This was to have a revolutionary effect 1n that once chemical 
therapies were accepted, chemistry had to become part ofa physic1an”s 
training at university. Alchemy or, more generally, chymistry, had never been 


accepted as part of the universify currIculum; academic chemistry was now 
to develop 1n a medical context for the next two cenfur1es. 


Paracelsusˆ own religIous framework was a form of devout Tr1mtarIanism, 
and this evidently implied to him that matter and disease had a trIpartite form 
and occurrence. Consequertly, he held that three princIples constituted the 
stuffs of the mcrocosm. Drawing on the Arabic and medieval material theory 
that metals were made from two principles, sulphur and mercury, he added a 
thrd material body, salt. He cited the way metallic lead took on very 
different tripartite physical and chemical forms according to whether 1t was 
minium (red lead oxide), ceruse (white lead carbonate), or a lead glass. 


These transmufations could not be explained by a four-element theory, he 
claimed, but were easily explained In terms of matter ˆs trinty of sulphur, 
mercury, and salt. The burning ofa stick 1llustrated this model. The 
combustion was due fo sulphur, the smoke was caused by mercury, and the 
remaining ash was saÏt. In general, salt conferred solidity and taste; sulphur 
gave colour, smell, and fammability; and mercury conferred volatility and 
metallicity. This was the doctrine ofthe /z7a prima, the three principles. 


It may well be asked why such an extraordinary man always figures 1n the 
history of chemistry? The answer, besides the fact that his life vividly 
1llustrates the 1ntimate comnection between scIence and religion In the early- 
modern perIod, 1s that his many followers promulgated a medical chemnistry. 
Althouph there were bitter disputes between physicIans who stuck to the 
admnnistration of Galemic plant products as medicamerts, and the 
Paracelsians who recommended the use of chemically prepared medIcIines 
and (bio)chemical 1nterpretations ofphysioloøy, the Paracelsians won the 
WRI. 


The ramifications ofthis 1atrochemical movement were far-reaching. For the 
Paracelsians, chymistry was to be the handmaiden of medicine. Most notably, 
1t meant that chemnstry, or at least pharmaceutical chemnstry, became part of 
the European medical currIculum and established 1n universities. This was 
somecthing that alchemy (a technology) had never achieved 1n the Middle 


Ages. This was to prove of mutual benefit both for the advancemernt of 
medicIne and for the emergence of academic chemnsftry. 


The first professor of medical chemistry was appornted at the ƯUniversity of 
Marburg In 1609, and by the end ofthe L7th century chemistry was firmly 
established In medical faculties throuphout Europe. To aid the 1nstruction of 
medical students, more and more chemical textbooks were published, the 
most sIgmificant being by the Dutch polymath, Herman Boerhaave (166§— 
1738) at the University ofLeiden. Paracelsus also Influenced a range of 
sigmfIcant figures 1n chemnistry such as Helmont and Boyle, who used hIs 
doctrines as a foIl 1n demonstrating their own beliefs; and, finally, the 
doctrine of the /r/a prima had a defimte role to play 1n the development of 
1deas about composifIion and combustion. Paracelsus was the trigøer for the 
start of the chemical revolution. 


Van Helmont”s water 


Chymnistry remained 1n a deeply religIous conftext for the Flemnsh follower of 
Paracelsus named Joan Baptista van Helmont (1579—1644) who lived and 
worked 1n Brussels all ofhis life apart from travels in Europe as a young 
man. As a Flemnish natIonalist he had a deep resentment towards the JesuIfts 
and other Schoolmen who occuplIed positions of educational and church 
authority 1n the Spamish-occupIed Lowlands. Like Paracelsus he wanted to 
reform mediciIne, but abandoned practising 1t in 1609 to devote himself to 
empirical chymical research. His writings led to his 1nvestigatlon by the 
Spamish Inquisition and, like Galileo, he was forced to acknowledge his 
errors in 1630. He was condemmned agaIn three years later and spent some 
years under house arrest for promulgating “the monstrous superstIftlons” of 
Paracelsus. 


HIs maJor work, Órf⁄s Medicinae (Origins oƒ Medicine, but angÏic1zed 1n 
the English translation of 1662 as Physick Refined or Reformed) was 
published posthumously by his son 1n 1648 and 1nffuenced the work of 
Robert Boyle In England and Boerhaave In the Netherlands. Helmont”s 


cosmology was as ørotesque as Paracelsusˆ and we are always 1n danger of 
pIcking and choosing the seemingly “correct” bifs. 


For example, despite his having the Idea ofa prImary matter that øenerates 
the /z7a prữmna, and although he sometIimes wrofe 1n terms of atoms and the 
void, all this was contextualized w1thin an essentially Aristotelian 
framework that replaced forms with fermenfs, seeds, sp1r1fs, and strange 
emanations like Gas, Blas (a principle øoverning stellar movements and 
causing the tides on earth), and Magnall (a principle of light), which 
functioned essentially to convey or expla1in properties and qualIties to 
Iindividual substances and diseases. Such “seeds” or “ferments” were the 
ñ€Ce€ssary agenfs of transmutafion ofreactants 1nto products. 


Helmont was mụch more empirical and experimertal 1n his 1nvestIgations of 
nature than Paracelsus. He made extensIve use ofthe balance, and careful 
observations during his experimerts that were clearly based on a belief that 
matter was conserved during chemical changes. For example, he carefully 
analysed the different exhalatlons or smokes that evolved when different 
substances were burned (attributed to the element aIr by Aristotelians, and to 
the mercury principle by Paracelsians). He termed these smokes “gas” 
because ofthetr chaotic character In frequently exploding when collected In 
a closed vessel. He was even able to differentiate many of them. 


But what was the sipmificance of gas for Helmont? Because 1t was an 
exhalation he believed 1t was the pure essence ofa subsfance, 1†s spIr1f In 
fact, or what he termed 1ts archaewus, the material manifestation of the 
substance. Matfer and spIrIt were, for Helmont, two aspects of the same thing 
—unlike the dualistic philosophy of matfer and spirIt that was being 
popular1zed by René Descartes, a younger contemporary 1n the Netherlands 
about the time of Helmont”s death. The term “gas” soon disappeared since 1t 
was not taken up by other wrIters who preferred to use the terminologøy of 
“aIrs”. W© owe 1fs revIval to a French dictionary compiler in L766. 


Helmont denied that chemical reactions were real transmutations. When 
metals were dissolved 1n acids and apparently formed a watery solution, the 
metal could be recovered wetIpht for weight. The orIginal quantity ofa metal 


could also be recovered when one metal precIpItated another from a 
solution, as when 1ron precIpitated copper from a vitriol solution of copper. 
HiIs most famous quantifative experiment concerned the øsrowth ofa wIllow 
tree, from which he deduced that that all matter was ultimately water. He 
began with a sapling weIghing Š Ibs which he planted 1n 200 [bs of soil. He 
watered the tree regularly for five years, following which the tree had 
Increased In s1ze and weipht to 169 Ibs, while the soIl had neiIther lost nor 
gaIned any weIpht. 


A modern chemnst sees this as an undetermined exper1ment because Helmont 
had neglected the possIbility that the tree absorbs nufrIenfs from outside the 
soIl in which 1t was embedded, namely from the atmosphere; otherw1Ise his 
conclusion that the tree had grown solely from wafter seems 1mpeccable. He 
was critical ofboth the four-element and three-prIinciple theorIes, and argued 
Instead for there being only one primeval element, water, thouph 1n practice 
he often combined this with air as 1f that too were elemerfary. 


Daniel Sennert's corpuscles 


The defenders of Paracelsian and Helmontian chymistry and medicIne 
included many physicIlans who found patronage In the courts of central 
Europe, and who thereby acquired author1fy over and protection from the 
r1val, critical Galemrsts outside such ar1stocratic protection. Others found 
Jobs 1n the medical faculties of European unIversIfIes. 


An Important 1atrochemist was Damiel Semnert (1572—1637), a professor of 
medIcIne at the University of Wittenberg. He found a median way that 
reconciled the cosmologles of ArIstotle, Galen, and Paracelsus with a 
corpuscular tradition that had long lain underground In the wrifIngs of 
varIous medieval chymists and which can ultimately be traced back to a 
theory Of7minima nafuraiis. Semnert taupht that the different properties of 
substances were not due to the elemenfs or principles of Aristotle or 
Paracelsus, but to a set of particulate seminal (formative) principles that 
produced new and different properties after the comingling and separation of 
reacfants and combinatIons. 


He backed up this primifive corpuscular theory w1th experimental 
observations. For example, since the vapour derived from distilling spIr1It of 
wine penetrated a wodge of wrIting paper, the vapour ˆs particles must be 
very small; the phenomenon of sublimation could also be simply explained as 
due to the motion of particles. When gold and silver were mixed to form an 
alloy, the gold and silver had not disappeared but remained; the proof lay 1n 
the fact that they could be regenerated by addIng agwa ƒoriis (mtric ac1d) to 
the alloy. Such commingling and separabrlity suggested particulate 
COImDOSIfIO'S. 


\W© find the same arguments used by Boyle later, often copied word for word 
wIthout acknowledgemernt to Semnert. Substances were cormmposed from “that 
Iinto which they are decomposed” and vice versa. In such processes, matfer 
was resolved 1nto the zminna (the smallest particles of the substance), which 
were then rearranged to form a new body whose properties resulted from a 
seminal principle (or form) particular to the new substance. Semnert called 
such reacftions of separation and assembly đ/acris¡s and syncr¡isis, and we 
can see 1n this the fundamertal notion ofanalys1s and synthesIs. The 7777m4 
wWwere not necessar1ly Indivisible atoms (a doctrine that could lead to 
accusations of atheism), but the smallest identifiable parts of a substance that 
resIsted any further decormmposition by any known chymical operations. 


Semnerf”s corpuscularIanism was 1nherited from an alchemical tradition that 
can be traced back to the 13th century 1n the work of Geber 1n the S?na 
Perƒectionibus, a work that drew upon Arabic and Aristotelian sources. A 
strIkIng feature was the Idea that the two principles (sulphur and mercury) 
that made up metals were themselves composed from very small particles of 
elemenftary mnma that 1n the1r turn were composed from the Aristotelian 
elemerts earth, air, fire, and water. 


Geber, and likew1se Semnert, pictured a hierarchical model of composItion 
which Sennert was prepared to defend experimentally by appealing to the 
phenormenon of sublimation of the real substances sulphur and mercury. When 
heated 1n a still, these mater1als sublimed as sulphurous powder and discrete 
mercury droplets, so revealing theIr particulate nature. This clear resistance 
to further decomposition was evidence of theIr “strong composifIon” which 


rendered them homogeneous. Fire (heatf) allowed the lighter and more subtle 
particles to separate and ascend, leaving heavier, ørosser particles behind. 
Thịs implied that homogenetty depended upon s1ze and weiglt. 


Geber had also appealed to the calcination of mefals as another form of 
sublimation. The experImenfter detected a sulphurous smell as calcination 
proceeded, leaving a powdered and frequerntly coloured mass behind (the 
oxide), the different colours being explained as due to the differenf sizes and 
packing of the non-volatile sulphur left behind. The fact that metals could be 
regenerated unchanged after theIr solution 1n aciIds was additional clear 
evidence that they persisted throuph an alchymical experImenfal procedure. 


Robert Boyle and the reform of chymistry 


Our view of Boyle as “the father of chemnistry'ˆ, and the most famous British 
natural philosopher before being eclipsed by Isaac Newton, has been 
completely transformed during the past thirty years. Michael Hunter and his 
acolytes have trawled throuph the huge archive of Boyle papers held at the 
Royal SocIety In London to produce a new edition ofhis published and 
unpublished works, correspondence, and laboratory notebooks. It turns out 
that Boyle was a great but complicated man who devoted most of his 
scIentific life to drawing the attention of mathematically 1nclined natural 
philosophers to the merits ofthe chymists” activities for demonstrating a 
corpuscular theory of matfter. 


Boyvle (1627-91), a man of1nsatiable cur1osify, and a rather chaotic, literary 
oufput, was a Christian virtuoso who saw experImertal philosophy as a way 
ofunderstanding and JustIfying God”s purpose and design. Besides beIng 
potentially useful, Boyle serIously believed that mechamcal philosophy 
underwrofe religion. 


A rich and privileged Anglo-Irish aristocrat, he only began to be Interested 1n 
sclence when he was 1n his early twenties. Before then he was a relig1ous 
ascetic and cerebral moralist. His devoutness remained when he became an 
I1neenIous experImentalist devoted to the demonstration that an atomIc or 


corpuscular philosophy was a better way ofunderstanding God”s creation 
than the pagan ArIstoteliansm and Paracelsiamsm ofhis day which, he 
believed, was propelling scholars towards atheIsm and 1nfidelity. 


Recent research has also thrown lipht on Boyleˆs education and the reasons 
he deliberately obscured his sources of1nformation, so that he re-emerges as 
a less-orIginal and even less-honest figure than he has been portrayed In 
traditional historiography. By portraying his views as novel (and, to be frank, 
less clearly and more verbosely than his sources), Boyle succeeded 1n 
begimnng to build a wall between past and contemporary chymical practice 
and future chemnstry. 


Boyle”s training as a chemist came from an AmerIcan Immierant to England 
named George Starkey (1628-65), who wrote under the alchemical nom de 
plume of Eirenaeus Philalethes (“peaceful lover oftruthˆ). It's a delicIous 
1rony that although Starkey taupht Boyle chemistry, Boyle never knew that 
Elrenaeus was Starkey himselff Neither did Newton, whose chemnstry, 1f 
turns out, was strongly infuenced by Eirenaeus. 


Much ofthe skill of chymists such as Starkey lay In theIr scholarly 
1nterpretation of other chymists” texts and the testing and modification of theIr 
procedures, as his surviving laboratory notebooks show. Understanding 
Decknamen was a hard Job; hence Starkeyˆs commertf: “God sells secrets for 
sweat”. The tragedy of Starkeyˆs career was that 1n choosIng to publish under 
a pseudonym he wrote himself out of history for over 300 years. 


The very practical, lab-based nature of Ióth-century alchemy and the 
reasonableness of attempts at gold makIng are now clear. (Compare the no- 
more fanciful hopes and aspirations of Victorlan chemnsts that atmospherIc 
mftroeen would one day be fixable for the manufacture of fertIl1zers.) 
Alchemnsts like Starkey and Helmont used the assayer 's balance as an 
essenfial tool in mass balance reasoning concerning the relationship between 
reacfants and products whatever transformations occurred 1n between to the 
human senses. That 1s, they were aware ofa principle of conservation of 
mass. Alchemy, like the metallurgy that 1t drew upon, was quanfIfatIVe; 1s 


practitloners tested their conJectures, and their theory-guided pracfIice was 
founded on reproducIble experImenfs. 


For example, Helmont”s obscure recIpe for the preparation of the so-called 
“alkahest' (matter degraded to 1fs ultimate simplest form), which Starkey 
deciIphered and revealed to Boyle, 1nvolved the preparation ofan antImony— 
1ron-mercury amalgam. Such an amalgam, following Starkeyˆs recIpe, when 
added to silver or gold does, Indeed, lead to an apparent multiplication of 
these precIous metals. But what Starkey and Boyle Interpreted as chzyopoeia 
(or metal making more generally) by the Internal rearrangemert of particles 
of the alkahest, we 1nterpret as an efficient metallurgical process for the 
removal of silver and øgold ImpurifIes from 1mpure antImony ores. 


Boyleˆs familiar demonstration that the volume of aIr trapped above a 
columm of mercury was 1nversely proportional to the wetight (pressure) of the 
mercury was also a good argumert for the particulate nature ofaIr——for how 
else could the aIr be compressed unless the particles ofa1r were separated 
and not continuous? Similarly, his design of tests for acidify and basIcIty 
using coloured vegetable materials like litmus as Indicators was to play an 
1mportant role 1n the future analys1s of mater1als. 


Boyle used codes and ciphers to hide his alchemical Interests and so bound 
himselfto both a modern and ancIert tradition. Althouph Boyleˆs rambling 
đialogue, Scepfical Chymisí (1661), br1lliantly criticized both the 
Aristofelian four-element theory and the Paracelsian system ofthree 
principles, he was clearly struck by Helmonfˆs evidence that water might be 
the fundamertal principle of matter, but he preferred to see this as evidence 
that there was a universal substratum of matter divided 1nto corpuscles of 
different s1zes and shapes. Analysis by fire (heating) did not produce 
elemenfs or principles, but rearraneements of corpuscles making up matfer. 


Natural philosophers like Boyle, Descartes, and Newton were happy to think 
1n terms ofan imaginary world ofatoms and corpuscles; but the practical 
chemists ofthe day, and particularly the 1atrochemnsts and apothecarles, 
eIther had doubts or were Indifferent to such speculatlons. Thetr sole aim 
was to produce useful and profitable medicInes. It was the French 


pharmacIsts who drove the subJect forwards at the begInning ofthe 18th 
cenftury w1th their work at the Académe royale des scIence (founded 1n 
1666) on the analys1s of mineral waters and plants. DespIte Boyleˆs 
scepticism, property-bearing principles continued to be useful to 
experImernftal chemists; but they were no longer “simples” but cafegOrles or 
øroups of stuffs. Salt, for example, embraced sea salt, saltpetre, vegetable 
and animal salts, and varlous alkal1s. 


In France 1n particular, chemistry came to acquire a public following that 
was reflected 1n the publication of large numbers oftextbooks, many of 
which appeared 1n multiple editions. Chemnstry there became 1mportant 
because 1s practitloners thought chemistry was worth teaching 1n order fo 
encourage a øreater public Interest and to demonsfrafe 1s Increasing 
economrc 1mportance. Chemnstry had become an 1ndIspensable part ofa 
Frenchman's liberal education. 


The early laboratory 


DespIte the prand vIsion of Andreas Libavius In the Ióth century, ofa 
building w1th spec1alized room-laboratorIes, kitchen laboratory-workshops 
had remained standard for centuries and địd not alter substantially until the 
1840s. After all, cooking 1s a chemical process, and the problems of 
laboratory and kitchen maintenance are not dissimilar: drains, ventilation, 
furnaces for heating, raw mater1als, implements, and utensils. Not until the 
expansIon ofteaching (I§th- and early 19th-century chemnsts like BerzelIus 
commonly only took one pupil or apprernfice at a trme), and above all the 
I1ntroduction oforgamic chemnstry, did laboratorIes need to be very large. 


A small room w1th windows and/or a chimney for ventilation was quIfe 
adequate when apparatus was simple, consisting of fasks and alembics 
(distillation devices), and when chemical, pharmaceutical, and metallurgical 
Operations were confined to heating, dissolving, and distillation. Not for 
nothing were chemisfs known as “spagyr1sts” or workers by fire, or placed In 
the same category as smiths and farrIers. Indeed, 1ƒ we want to pIcture these 
early laboraforIes, we can do no better than to examine the 1nteriors ofthe 


workshops ofapothecaries and pharmacIsts, and not be misled by the often 
reproduced romarfIc1zed øenre paIntings of alchemists painted by Flemish 
artists like Damiel Temiers (1610-90). 


SurvIving prints ofthe Utrecht laboratory of Boerhaave”s contemporary, 
Johamn Barchusen (1610-1723), in 1698, or ofthe dispensing laborafory of 
the Amsterdam apothecary, Anthony d” Ailly, in the 1810s, both draw the 
eyes attention to the sigmificance of furnaces and the ventilation of smoke 
and obnoxIous fumes through large ventilation hoods (see FIgure 6). The 
parallels w1Ith contermporary kitchens 1n the large houses ofthe period (e.g. 
that ofthe Prince Regernt at the Royal Pavilion in Briphton) are striking. The 
French chef MarIie-Antoine Carême (1784_—1833) saw cooks as martyrs: “Ít 
1s the burning charcoal that kills usˆ. Indeed, the presence of deadly carbon 
monoxide 1n laboratories and kitchens from the use of charcoal as a heating 
agent made ventilation a pr1OTIty. 





6. The interior of a typical apothecaryˆs laboratory and workshop which 
evolved into the modern chemical laboratory. The image is that of the 
Amsterdam apothecary Anthony đˆAilly in 1812. The workshop gave 
access his shop through the door on the left. 


Physics versus chemnistry 


Although Boyle had reJected the mathematical way as being too obscure for 
the general public, whereas the experImental was assimilable, many of is 
confemporarIes found Boyle's work too hypothetical, and his reJecftion of 
analysis by fire and of the familiar elemernts and principles 1mpracticable. If 
Boyleˆ”s support for a mechamcal philosophy that resolved matfer and 1fs 


sensory qualifies 1nto shaped particles 1n motion seems like later physical 
chemnstry that was not the way other practising chemnsts saw 1t. To them 
Boyle had thrown out the baby with the bath water. 


The historian Victor Boantza has drawn attention 1n particular to the 
CrIfIcIsms ofan early member ofthe Académe de scIences 1n Par1s, Samuel 
Du Clos (1598—1685). He was not at all Iimpressed by Boyle”s work and 
1deas, and refused to use any kind of mechamical philosophy 1n 1nterpreting 
the programme of plant analyses he and others conducted 1n the Académie”s 
laboratory. Du Clos preferred to 1nterpret his analyses In terms of the 
Paracelsian fria prữmna that Boyle had so heavily criftIcized 1n hs S&epfical 
Chermisf (1661). 


To Du Clos” way of thinking, Boyleˆs work showed 1gnorance of chymical 
literature and a lack ofpersonal empirical practice. (This was perhaps a dig 
at Boyle”s use of paid ass1stants to perform experImers under his direction.) 
Whereas his own work was empirical and demonstrable, Boyle”s was 
abstract and ulttmately merely descrIptIve. 


As Boantza emphasized, both Boyle and Du Clos were 1n the business of 
reforming and modernizing chymnistry: Boyleˆs strategy was to reduce 
chymistry to “physico-chymical” discourse; Duclosˆ more practical am was 
redefine traditional chymical philosophy, payIng particular attention to 
elemertal theories and modes of analysIs. Both men agreed that neither the 
Aristotelian four elements nor the Paracelsian three principles were the 
ultImate consfituenfs of compounds. But whereas Boyle reJected both 
theorIes completely, arguing that analys1s by fire did not reduce bodIes to 
theIr principles but more likely reduced them to theIr particles which then 
rearranged themselves, Duclos was prepared to use principles heurIstically 
——like scaffolding——to help explain the results ofanalys1s by fire (the dry 
way) or by đistillation (the wet way). This operative view ofprincIples was 
to lead to LavoIsIer ˆs prapgmatic defimtion ofelements 1n 1789. 


French 1atrochemnsts found the Paracelsian”s solid salts of the preatest 
Interest, and theIr composItion of preat sipmificance. Pharmaceutical chemnists 
at the Académie de sclIences like Wilhelm Homberg (1653—1715) paid 


T1øorous experImerntal attention to the Identification, purIfication, and 
classification of salts and how they were derived from the neutral1zation 
between chemically active acids and bases, muụch of which was to provide 
the materlal for LavoIsler”s Tra¡fé¿ élementaire đe chimie 1n Ï 789, where a 
salt was defined as a duality of acidic and basIc oxIdes. 


In view of LavoIsler s demand for precIsion 1n language 1f 1s 1nteresting to 
nofe that the research that French pharmacists conducted 1n searching for 
druøs In plant extracts was logically self-contained and 1ndependent of any 
theory. The unsystematic nature of the terms used by these pharmaceutical 
chemists evidently did not prevent them from thinking consistently about the 
recIprocal reactions and compositions ofthe substances thelr terms 
designated. 


Newton”s chemistry and affinity 


The reason why matter cohered and agøregated had always been rather a 
mystery to chymists. Aristotle”s solutIon was simply that 1t was part and 
parcel of beIng “earth" or “waterˆ, and later ArIstotelians appealed to water 
as a binding principle 1n mixed (compounded) bodies. However, cohesion 
was usually left as an occult power (In the sense that 1t was an unknown 
cause) and var1ously referred to as “love/hate”, or “similitude/dissimilitude”. 
Following his successful mathematical analys1s of planetary orbifs In terms 
Oofa universal attractIve gravIfational force, Newton suggested that something 
similar exIsted between the particles of ordinary matfter. In this case, 
however, the attractive forces extended only a short dIstance from the 
particles and var1ed 1n strength from one chemical specIes to another. 


The 1nvestigation of chemical affinities became one ofthe absorbing 
problems of I§th-century chemnstry. It sềeemed to French 1atrochemisfs 
working with salts to be the basis for the relationships they uncovered. 
Étienne Geoffoy (1672—1731), who wrote of the rappors between chemical 
substances, produced the first table ofaffimties in I718, and 1ncreasingly 
elaborafe ones were produced from the I750s onwards. Like the much later 
periodic tables, affimty tables effectively summar1zed the whole of chemnsts” 


knowledge concerming displacemernt reactions. The tables demonstrated the 
power ofchemnsts to analyse the natural world 1nto 1ts componenfs and how 
this Information could be put to practical use—whether 1n preparing drugs or 
1n explaIining and 1mproving chemical manufactures. On the other hand, the 
tables offered no theoretical 1nsight concerning the causes ofreacfIV1fy or 
COmDarafive Inertness. 


Attempts by Newtftonmian chemists such as John Freind (1675—1728) and John 
KeIll (1671—172T) to quantify chemical attraction soon proved hopeless. The 
Newtomian dream ofa mathematical chemnstry still lay two centurIes away. 
On the other hand, the rich Information gathered In affimty tables by such 
expert practical chemnists as the Swede Torbern Bergman (1 735—§4) could 
also be recodified as 1nstruction books on how to determine the composifIon 
ofan unknown mineral or salt. One ofthe earliest and Iinfiuential of these 
Handbooks of qualitative analys1s (as they became entitled) was published 
1n German by Herrrich Rose 1n 1829. As a result, the stinking poIsonous øas, 
hydrogen sulphide, became the most familiar reagent used 1n chemical 
laboratories——especially after the Dutch pharmacIst, P. J. Kipps (1§08-64), 
developed an apparatus for 1†s continuous production. 


The appearance of systematic analytical tables that, like cookery books, 
enabled anyone to determine the composition of minerals, completed the 
emergence ofa coherent chemistry of the mineral kingdom (eventually to be 
labelled Inorgamc chemnstry). Principles of compositIon such as mercury, 
sulphur, and salt (or at least as rarefied or 1dealized versions of these real 
substances) expanded Into a larger group of tangIble homogeneous maferlals 
that were perceived corpuscularly and as the chymists” elements 1n 
explaining composifion and the affinities of substances. 


Chapter 3 


Gases and atoms 


Historians have offen referred to a “postponed revolutionˆ 1n chemistry 
comparcd to the 1ntellectual transformation of natural philosophy 1n the 17th 
cenfury assocIated with Copermcus, Kepler, Galileo, Descartes, and 
Newton. The delay has been attrIbuted to the fact that chemnsts had no 
understanding of the role ofaIr in chemical changes until the mid- I §th 
C€TTULTV. 


While the centrality of the role of gases 1n promoting LavoISIer ˆs new 
chemistry camnot be demied, historians have more recently also assocIated the 
late I§Sth-century transformation of chemnistry w1th professional separations 
between medically orIented pharmaceutical chemists and more academnc 
philosophical chemnsts. The latter 1enored pharmacy and relegated 1t to an 
1nferior 1ntellectual position, while 1nstead promoting the application of 
chemnstry to the understanding and Improvemert of agrIculture, mining, and 
technology generally. 


The pneumatic revolution 


Helmort had referred to the aerial products ofreactions between acIds and 
metals as øas because the products were chaotic and uncontrollable. They 


were first “reigned 1nˆ and controlled by the Oxford-trained physicIan John 
Mayow (1641—79) In the 16605. 


ExperImenfs w1th the new aIr pump devised by Robert Hooke and Robert 
Boyle In the early I660s using birds, mice, and candles had led Boyle to 
conclude that atmospheric aIr acted as a transporting agent to remove 
1mpuritIles from the lungs to the external aIr. In his remarkable M⁄/crographia 
(1665), Hooke outlined a theory ofcombustion that owed much to a 
contemporary meteorological theory that was based upon a gunpowder 
analogy. According to this “mtro-aerial° theory, thunder and liphtning were 
analogous to the explosions and flashing of gunpowder whose 1neredIents 
were sulphur and nitre. Since 1t was known that mtre lowered the 
temperature of water and fertilized crops, Hooke suggested that the mtrous 
particles trapped 1n the atmosphere were responsible for snow and hail and 
the vitality of crops. Such notions can be traced back to the Polish chymist 
Michael SendovogIus who, 1n 1604, had identified a sa nfrwm (mtre) as a 
universal salt and component of the atmosphere. 


Itwas Mayow who developed the mtro-aerial theory to 1s fullest extent 1n 
1674, when he extended 1t to an even wIder range ofphenomena 1ncluding 
resp1ration, the heat and flames of combustion, calcinations, del1quescence, 
the maintenance ofbody heat, the red colour ofarterial blood, plant srowth, 
and, once more, weather conditions. He recognized saltpetre as conftaining a 
base and an acid formed from one of aIr 's constItuenfs, the aIr 1tselfbeIng a 
medIum formed from mtrous particles and materIals that remained behind 
affter respiration and combustion. 


Mayow showcd that when a candle burned 1n an Inverted round-bottomed 
flask submerged In water, 1t consumed the mitrous portion of the aIr, causing 
the water level to rise. Combustion, he thought, involved the mechanmical 
addition of the mitro-aerial particles to a metal which he knew from some of 
Boyle”s experiments broupht about an 1ncrease 1n weipht. This explanation 
seemed to be confirmed by the fact that an Identical substance (the calx) was 
produced when a metal was heated 1n aIr as when 1t was dissolved 1n mitric 
ac1d and then heated. 


There 1s a superficial resemblance between Mayows nitro-aerial theory and 
the century-later oxygen theory of combustion and respiration, but 1t 1s really 
only the transference properties that are similar. In any case, Mayows model 
was mechanmical rather than chemical. Nevertheless, Mayow was 
undoubtedÏly an Ingemious experImerntalist. Although he had not quite 1nvented 
the pneumatic trough for collecting gases, his method of transferring an aIr 
(gas) from one glass vessel to another over water was orIginal and 
influential. In particular, 1t stimulated the clergyman Stephen Hales (1677— 
1761) to devIse a system ofapparatus in which the aerial products of 
combustion could be “washed” and so purified through water and collected in 
vessels for quanftitative estimation (see FIgure 6). 


Inspired by Newtonˆs mathematization of nature 1n the Pr7cipia 
Mathemafica (1687), Hales was primar1ly 1nterested 1n demonstrating that 
huøe volumes of aIr were contained within otherw1Ise solid minerals and 
plants—hence the title of his book on the subJect, Wegefable Sfaficks (1727). 
Althoupgh he remaiIned tied to the belief that the øgaseous products he 
øenerated were pure aIr (that 1s, he failed to recogmize that he had produced 
different gases), his “pneumatic trough” proved to be the poInt of entry 1nto 
distinguishing a range of gaseous products 1n the second halfofthe I§th 
cenfury. For a time, too, his work seemed to reInvIgorafe the idea of the four 
Aristotelian elemerfts. Like Helmont”s w1llow tree experimert, Hales”s work 
was based on underdetermined experIments (see FIgure 7). 


Experimerfalists of Halesˆs era 1nterpreted combustfion 1n terms ofa 
phlogIston theory that had been 1ntroduced to French and British natural 
philosophers from the work ofa German chemist named Georg Sfahl (1660 
1734). Stahlˆs comprehensive theory was a developmernt ofa theory of 
composition that had been proposed by a German chymist and entrepreneur 
1n 1669 (see Figure 8). Johamn Becher (1635—8§2), contrary to Helmont, 
sugøesfed that water was not the sole element and that minerals were also 
øenerated from earth, of which there were three kinds. One ofthese earths, 
which was fatty and sulphurous, he called ph/ogisfon. Thịs earth was, he 
sugøesfed, the cause of combustion and cormbustIbility. 











7. Apparatus for washing and collecting air fixed inside solid bodies. 
Erom Stephen Hales, Wegefable Sfaficks (London, 1727). 

















8. Georg Ernst Stahl, professor of medicine and chymistry at the 
University of Halle. He developed the theory of combustion known as 
the phloøiston theory in his edition of Johann Becherˆs Physica 
Subterranea (Lelipzig, 1703). 


Stahl developed this view further, and supposed that the calcinations of 
metals were caused by the release ofphlogIston 1nto the atmosphere from the 
heated metals from where 1t was recycled 1nto plants, anmals, and minerals. 
The process of calcination could be reversed by heating a calx (a simpler 
body than a metal) with another substance rich 1n phlogIston, such as 
charcoal derIved from wood or bones. He listed many of the reversible 
transfers already familtar to chymists, but also noted that such reversals were 
not apparent 1n the vegetable and anmal kingdoms where an orøanIzIng Or 
vital principle was at work. 


For Stahl, phlogIston explained not only combustion, but also metallicIty, 
acidity, and alkalimity, the colours and scents of fowers, and chemnical 
reacfivity and composition. The theory was known to and adopted by French 
chemnsfs 1n the I730s, and from thence absorbed by British and Scandinavian 
pharmacIsts and chemists. 


Combustion, composifion, and language 


The chemical revolution was not merely conceptual but also 1nstrumertal, In 
that 1t involved the practical ability to manmipulate, wetIph, and measure øases 
using accurate balances, ølass apparatus, and eudiometers. The chemist who 
transformed our views of elemenfs and composifion, and reorganized the way 
that chemists communicated, was the French c1vil servant Antoine LavoISIer 
(1743-94). 


For LavoIsIer, as for his British contemporarles Henry Cavendish and Joseph 
Priestley, chemnstry was purely a part-tine avocation practised earÌy 1n the 
morninøs of days occupied w1th committees and working for a tax company. 
He owcd much to a young w1fe who took notes, produced sketches of 
apparatus, prepared his papers for the press, and translated forelgn works for 
him to read. In [772 LavoIsier had noted the implausIbility of a theory which 
sugøesfed that something was lost (phlogIston) when a metal was burned 1n 
aIr when 1ts weIpht actually increased rather than decreased. This was not a 
new observation, but this anomaly had been strikinely emphasized by the 
work ofa DiJon lawyer. 


In the spring of 1772, LavoIsIer read an essay on phlogIston by LouIs- 
Bernard Guyton de Morveau (I737—1816). In a brilliantly designed 
experImerntal 1nvestigation, Guyton showed that all his tested metals 
increased 1n wetpht when they were roasfted In aIr; and since he still 
believed theIr combustibility was caused by the loss ofphlogIston, he 
supposed that phlogIston was so lipht that 1t “ˆbuoyed up” the bodies 1n which 
1t was trapped. 


Most members ofthe Académie des scIences, 1ncluding Lavoisler, found 
Guytonˆs explanation absurd, and LavoIsier quickly deduced from his 
reading of Hales that a more likely explanation was that, somehow, alr was 
beIng “fixed” during the process of combustion and that this occluded aIr 
caused the Increase 1n weipht. It followed that “fixed airˆ should be released 
when the calces of metals were decomposed, Just as had been suggested by 
Halesˆs earlier experImernts. 


LavoIsler verified this in October 1772 by using a large burning mirror 
belonging to the Académie. When litharge (an oxide of lead) was roasted 
with charcoal a considerable volume of “atrˆ was, indeed, liberated. 
LavoIsier was stilÏ Ienorant of the fact that his British contemporarIes had 
shown that many different kinds of air were produced 1n chemical reactions. 


In Scotland, a decade earlier, Joseph Black (1728-99) had succeeded In 
demonstrating that what we now call carbonates (e.ø. magnesium carbonate) 
confained a fixed aIr (carbon dioxide) which was fundamertally different 1n 
physical and chemical properties from atmospheric air. Unlike the latter, 1t 
turned lime water milky and would not support combustion. A few years 
later, Henry Cavendish (173 1—1§10) studied the properties ofa lipht 
inammable air (hydrogen) which he prepared by adding dilute sulphuric 
acid to 1ron. These experiments were to stImulate the astomrshing Industry of 
the Unmitarian clergyman, Joseph Priestley (1733—1804), who, between 1770 
and 1S00, prepared and differentiated some twenty new aIrs. These Included 
(in our terminology) the oxides of sulphur and mitrogen, carbon monoxide, 
hydrogen chloride, and oxygen. 


Hence, althouph largely unknown to LavoIsier 1n 1772, there was already 
considerable evidence that atmospherIc alr was a complex mixture, and that 
1t would be by no means sufficient to claim that air alone was responsIble for 
combustion. LavoIsler was soon made aware ofhis chemical Ignorance, and 
with the firm Intention ofbringing about, 1n his own words, “a revolutIlon1n 
physics and chemnstryˆ, he spent a year studying the history of chemistry—— 
reading everything that chemists had ever said about aIrs since the mid- l7th 
cerfury and, sigmificantly, repeating the1r experIimernts. Iromically, far from 
clarifyIng his 1deas, his new familiarity with pneumatic chemistry led him to 
suppose that 1t was Black”s fixed aIr (carbon dioxide) 1n the atmosphere that 
was responsiIble for the combustibility of metals and the1r Increase 1n weiplt. 


Two things forced LavoIsler to change hIs mind. FIrst, he became aware that 
when heated the calx of mercury decomposed directÌy to the metal mercury 
wIthout the use of the charcoal necessary with other metfals. No fixed alr was 
evolved. So how could the phlog1ston theory be ripht? Here was a calx 
regenerating the metal w1thout the aid of the phlogIston supposedly 
1ncorporated In charcoal. 


The same phenomenon had come to the attention of Priestley. In August 1774 
he heated the mercury calx 1n a closed vessel and collected a new aIr which 
he soon found supported combustion far better that ordinary aIr——hence he 
called 1t “dephlogIsticated airˆ. Priestley reported this observation đirectÌy 
to LavoIsier when he was on a vIsIt to Par1s In the autumn of 1774. 
LavoIsIer ˆs repetitIon of Priestleyˆs experiment changed his mind. 


In March 1775 LavoIsier announced to the Académie des scIences that “the 
principle which combined with metals during calcinations and 1ncreased 
their weight” was “pure alrˆ and not any partIcular constituent of air. Clearly, 
LavoIsier was stilÏ confused and had to be corrected by Priestley later the 
same year, and with this stimulus LavoIsier was able to produce a new 
theory. He wrote In 778: 


The prmcrple which unfes with metals durmg calcmations, which mcreases ther weight and 
which § a constituent of the calx 1s: nothmg else than the healthiest and purest part of the aIr, 
which after entermg mto combination wíth a metal, can be set free agam; and emerge m an 


emimmently resprable condition, more suited than atmospheric arr to support Igntlon and 
combustion. 


Because this “eminently respirable airˆ burned carbon to form the weak acid, 
carbon dioxide, LavoIsier called the new gas “oxygen”, meaning “acId 
formerˆ. Thus by the late 1770s half of LavoIsier 's chemical revolution was 
over. Oxygen øas was an element containng heat (or caloric, as LavoIsIer 
called 1t) which kept 1t In a øaseous state. In other words LavoIsier redefined 
heat (or caloric) as something that altered the physical state ofa substance 
without altering 1s chemical specIes, and not as something removed from 
bodies during combusftion. 


On reacting with mefals and non-metals the heat was released and the oxygen 
elemernt Joined to the substance, causing 1t fo 1ncrease 1n weIpht. In 
resp1ration, oxyøen burned the carbon 1n foodstuffs to form carbon dioxide 
exhaled In breath, while the heat released was the source ofanimal warmh. 
LavoIsier and his fellow countryman, the mathematical physiIcIst, SImon 
Laplace, demonstrated this quantitatively with a guinea pig 1n 1783 by 
measuring the amount of oxyøen 1nspired by the pig and the amount ofwater 
1ts body heat produced when 1t was packed 1n Ice—the or1gIn of the term 
“guinea pIgˆ. Respiration, he concluded, was 1ust a slow form ofcombustion. 
The non-respirable part ofaIr (later called mtrogen, or azofe In French) was 
exhaled unaltered. 


On the face of1t LavoIsier might seem to have only transferred the properties 
ofphlogIston to oxygen gas, but there were maJor differences. Heat was 
absorbed or emitted during most chemical reactions and was presernt In all 
substances, whereas phlogIston was supposedly absent from non- 
combustible bodies. When added to a substance, heat caused expansion or a 
change of state, something not claimed by phlogIstomsts; above all, heat 
could be measured with a thermometer and oxyøen w1th a eudiometer, 
whereas phlogIston could not. 


The water problem 


LavoIsIer remained cautious and did not Immediately sugøest the 
abandonment ofphlogIston. The main reason for this caution was that the 
phlogIstonists could explain why an 1nflammable air (hydrogen) was evolved 
1a metal was dissolved 1n an acid whereas no alr was produced when the 
calx (metal oxide) was treated with the same acid. 


The problem, of course, was that moIsture (a compound ofhydrogen and 
Oxygen) was so ub1iquitous 1n chemical reactions that 1t was easy to overlook 
1fs production. lt was Priestley who first noticed the presence ofwater when 
an electric spark was passed through a mixture of aIr and “inflammable alr ˆ 
(hydrogen). In 1781 he mentioned this to Cavendish who repeated the 
experIment and reported 1n 1784: “lt appeared that when Inflammable air and 
common aIr are exploded 1n a proper proportion, almost all the Inflammable 
aIr, and near one fifth of the common aIr, lose their elasticity and are 
condensecd 1nto dew. It appears that this dew 1s plain water.` W© are so used 
to knowling that wafer 1s composed from hydrogen and oxygen that 1t 1s hard 
to realize what an astounding discovery this was. How could two øases be 
transmuted 1nto a liquid? 


lt was this same experIment which led the precIse Cavendish to record that a 
bubble ofuncondensed aIr remained, a fact reported later by Cavendish”s 
biographer. The Scots chemist William Ramsay (1852—1916) was to recall 
reading this observation 1n 1§94 when he showed that the bubble contained 
an unknown famrly of1nert gases. For LavoIsIer, CavendIsh”s work was 
evidence that water was not elementary. Assisted once again by Laplace, he 
showcd that water could be synthesized by burning 1nflammable air and 
oxygen together 1n a closed vessel. For this reason, he renamed 1nflammable 
aIr, hydrogen, meaning “water-formerˆ. He could now explain why metals 
đissolved 1n acids to produce hydrogen whereas their calces did not. The 
hydrogen came not from the metal (as the phlogIstonisfs supposed) but from 
the water in which an acid oxIde was đissolved. 


The new chemistry 


LavoIsler was now In a position to bring about a transformatIon of chemistry 
by eradicating phlogIston from 1ts vocabulary. Since all chemical phenomena 
were explicable w1ithout 1s assIstance, 1t seemed highly improbable that the 
substance existed. He concluded a paper published In 17§5 with a fine piece 
ofrhetorIC: 


Chemnsts have made phlogston a vague prmciple which s not strictly defined and which 
consequerntly fits all the explanations demanded of tt. Sometimes 1t has werpht, sometimes 1t has 
not; sometimes 1t § free fire, sometimes 1t § fire combmed with an earth; sometimes 1t passes 
through the pores of vessels, sometimes they are mmpenetrable to tt. lt explams at once caustIcfty 
and non-causticty, transparency and opactty, colour and the absence of colours. It is a verfable 
Proteus that changes 1s form every msftance. 


By collaborating with a younger øgeneration of assistants whom he gradually 
converted to his way of1nterpreting combustion, acIdity, respirafion, and 
other chemical phenomena, and by holding soirées where experIments and 
điscussions could be held, LavoIsier won over a devofed øroup opposed to 
the idea ofphlogIston. In 178§§ Lavoisier and his compamions founded a new 
quarterly periodical, 4nnales de chimie, to promote the new chemnstry. 
Within a decade 1fs contrIbutors took the new chemnstry for øeranted so that 1t 
became much more than a French Journal promoting LavoIsIer ”s vIews. Ïfs 
successIve ediforial boards saw 1t as a European Journal of1nternational 
SIpmificance. 


Three 1mportant converts were Guyton, Claude-Louis Berthollet (174&— 
1822). and Antoine Fourcroy (1755—1809). Guyton, 1n particular, was 
exercIsed by the 1nconsistent use ofterms by chemnists and pharmacIsts. 
Hitherto a substance might recerve a different name according to the place 
where 1t was derIved, or names might be based upon properties of smell, 
taste, colour, and usage. Following the 1nspiration ofthe Swedish naturalIst 
Carl Linnaeus, who had begun to systematize the names ofplants 1n 1737, 
Guyton sugsested 1n 1782 that chemical language should be based upon three 
principles: substances should have one fixed name, names should reflect 
composition when known (or non-commitfal terms 1funknown), and names 
should generally be chosen from Latin and Greek roots. It was while the four 
men were collaborating on a new language for chemnstry that Guyton was 
converted to LavoIsIer ˆs new chemnsfry. 


For hIs part, LavoIsier believed that language should express clear and 
distinct Ideas. Together, in I787, the four chemists published a 300-page 
manual of nomenclature reforms, one third of which consisted ofa dictionary 
ofnew terms for old ones. For example, “oIl ofvitriol” became sulphuric 
acid, and 1fs salts sulphafes 1nstead of vitriols; “flowers ofzInc” became zInc 
oxide. The entire nomenclature was based upon the names of elemernts. Thus 
the elements oxygen and sulphur could combIne to form etither sulphurous or 
sulphuric acIds depending upon the quarntifIes ofoxygen combined. These 
acids when combined w1th metallic oxides (the former calces) would form 
two groups of salts, the sulphites and sulphates. 


Because the new language was also a vehicle for the non-phlogIston 
chemnstry, 1t aroused mụch opposItion. Nevertheless, through translation 1t 
rapIdly became, and still remains, the International language of chemnstry. 
Lavoisler ˆs final piece ofpropaganda for the new chemistry was a textbook 
published 1n 1769 called (in English) 4n Elementary Treatise oƒ Chemistry. 
Together with a much larger, less elementary text published by Fourcroy 1n 
1801, this became a model for chemical 1nstruction for several decades. In 1t 
Lavoisier defined the chemical element as any substance which could not be 
analysed further by chemical means. Such a defimtion enabled him to 1dentify 
some thirty-three basic substances, Including some which later proved to be 
compound bodIes. 


By the mid- I790s the opposition to phlog1ston had triumphed, and only a few 
prominent chemnsts, such as Priestley (who emierated to the United States 1n 
1794) continued to believe 1n 1t. By then the French Revolution had put paid 
to the possIbility that LavoIsier would apply his 1nsighfs to fresh fields of 
chemistry. He was guillotined in 8 May 1794 for being a member ofa fIrm of 
tax InspectOrs. 


The atomnc theory 


John Dalton (1766—1844), the son ofa Cumbrian Quaker handloom weaver, 
movcd to Kendal 1n the heart ofthe English Lake District in L 781. There he 
became Interested 1n mefeorology, a subJect that was to 1nfluence his thoughts 


on atomnc theory. The records Dalton kept over a five-year period were 
published 1n ⁄efeorologiecal Essays 1n 1793. In the same year Dalton moved 
to Manchester as tutor 1n mathematics and natural philosophy at New 
Colleøe, where Joseph Priestley had taught 1n the I760s. Dalton found 
Manchester so congemial that he decided to spend the rest ofhis life there. 
Not only was there an abundance ofpaid work 1n Manchester for prIvate 
tufors because of the rIse of an Industrial middle class, but the presence of 
the Manchester Literary and Philosophical SocIety, whose secretary Dalton 
became 1n 1800 and president from 1817 until his death, proved a convenient 
venue for public1zing his scIentific work. 


Like Priestley, Dalton 1s best described as a natural philosopher rather than 
as a chemnst. Honed 1n the mechamstic tradition of Boyle and Newton, he 
believed that matter was particulate and endowed w1th powers of attraction 
and repulsion. However, Dalton moved away from the tradition of I8th- 
century matter theory which had emphas1zed the homogeneIty of maffer. 
Instead, he Identified material particles with LavoIs1er ˆs elemenfs, 1.e. with 
substances that could not be chemically analysed. Thus, althouph Dalton 
spoke and thought ofphysical atoms, his chemical particles were mụuch more 
akm to the zmnma or molecules of Ar1stotelian philosophers. Moreover, the 
1dentification ofatoms and elements meant that Dalton, unlike some chemnsts 
such as WIlliam Prout (1785—1850), who speculated that Lavo1sIer ˆs 
elements were polymers of hydrogen, accepted as many different kinds of 
atoms as there were chemical elements. 


Daltonˆs theory probably originated from his meteorological study of aIr 1n 
the 1790s. Dalton wondered whether, 1f aIr consIsts ofa number of øases as 
well as the water vapour precIpifated as rain and dew, were these 
chemically combined or merely mixed together statically? Ifthe latter, how 1s 
1t that aIr 1s apparently homogeneous and does not consIst of weiphted layers 
Of vapour, carbon dioxide, oxygen, nitrogen, and hydrogen? 


Daltonˆs IngenIous answer was fo appeal to a model of self-repulsIve aIr 
particles that had allowed Newton to deduce Boyleˆs law that pressure was 
I1nversely proportional to volume. In Daltonˆs revised model, however, the 
particles of each gas 1n the atmosphere were self-repulsive, thouph 


completely unaffected by each other. This produced mixing and atmospherIc 
homogenetty. Although the model was later modified by Ideas of difusion 
and the kinetic theory of gases, chemists have always referred to the model 
as Dalton”s law ofpartial pressures. 


SInce Lavoisier had explained the øaseous state of matter by the combination 
of heat (caloric) w1th elemenfs or compounds——and heat particles were 
believed to be selfrepulsive——Daltonˆs atmospheric model showed 
consIstency. But In order to explain why self-repulsive forces differed from 
elemernt to element and why, as his Mancumian friend WIlliam Henry poInted 
out, øases had different solubilitIes in water, Dalton was forced to conclude 
that the s1zes of atoms of different elements varIed. In order to calculate 
aftomnc s1zes (volumes), densiftIes and weigphfs were required. Gas densIties 
could be crudely determined by weighing equal volumes of øases on a 
sensItive balance, while atomic weighfs would be calculated from exIsting 
analyses 1f simple assumptions were made about atomic combination. 


In about 1804 Dalton, having been through a long exercIse to deftermine 
atomic s1zes, realized that in calculating relatIve atomic weights he had 
produced a new quantitative bas1s for chemnstry. With Dalton”s permisslon, 
this was first publicized by Thomas Thomson In hIs Ssfem oƒ Chemisfry 1n 
1807. Dalton explored the theoryˆs 1mplications 1n his own textbook 1n 1808 
(see FIgure 9). 


Despite beIng plagued by methodological problems that were only resolved 
by the Italian chemist Stanislao Cannizzaro (1826—1910) In the 1850s, and by 
theoretical 1ssues that were not resolved until the work of Rutherford and 
Soddy In the 20th century, Daltonˆs theory offered chemists a new, and 
enormously fruitful, model. 


Daltonˆs originality lay 1n solving the problem of what philosophers have 
labelled “transduction', 1.e. deducIng the exIstence ofthe unseen from 
macroscopIc phenomena. The German chemist BenJamin Richter (1762— 
1807) had already demonstrated In 792 that when acids neutralized bases to 
form salts, đifferent quantitiles ofacid were needed to neutralize a fixed 


amournt of each base. The amounts were not arbitrary: a fixed (or egwivalenf) 
weIpht of acid reacted with a fixed wetIght of base. 
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9. Daltonˆ”s atomic symbols and caption from /Vew ,Sysfem oƒ Chermical 
Philosophy, vol. 1 (London, 1808). 


Thịs became known as a law offixed proportions, and althouph Berthollet 
argued that the concentrations of the reactants oupht to lead to variable 
proportions, the Spamiard Joseph Proust (I7Š54—1826) provided sufficiently 
convincing evidence for fixed proportions as to convince the small chemical 
commumty of the time. (Berthollet's argument was nevertheless 1mportant, 
but 1t was another fifty years before 1t was developed 1nto a law of mass 
action.) 


Fixed proportions and equIvalent wetphfs Iimplied, as Dalton saw, that matter 
was not continuous and that the ultimate partIcles of matter combined 
according to fixed rules. Knowing this, Dalton developed a way of 
calculating the relative weights ofthe ultimate chemical particles of matter 
from observations and measuremernfs that were made 1n the laboratory. 


To provide this calculus of chemical measurement Dalton had to make a 
number of simple assumptions about how atoms probably combIned to form 
compound atoms, a process he labelled “chemical synthes1sˆ. In the simplest 
case, when onÍy one combination oftwo elements could be obtained, he 
assumed 1t had to be a 5/zary combination, unless there was reason to 
suppose otherw1Ise. In other words, although two substances A and B mieht 
cormbiIne to form A2B›, 1t 1s simpler to assume that they w1ll usually form AB. 


In the case of water, for example, and bearing 1n mind that hydrogen peroxide 
was unrecogmized before I§15, LavoIslerˆs analys1s had shown that 87.4 
parts by weight of oxygen combined with 12.6 parts of hydrogen. On the 
binary compound assumptfion, therefore, this ratio, H:Õ:: 12.6:87.4, must also 
be the ratio of the individual weights of the hydrogen and oxygen atoms that 
make up the water molecule. Since hydrogen was the lightest known 
substance, Dalton sugsested that 1t should be taken as a standard of atom 
weIphts. Accordingly, 1f the atomic weight of hydrogen 1s taken as one umt, 
the relative atomic weight ofoxygen 1s roughÌy seven. lmprovemernfs 1n 
analyses of water soon raIsed this to eIplt. 


By drawing on the already extensive corpus of published analyses, Dalton 
was able to establish a lengthy list ofrelative atomic weiphts, which he first 
exhIibited 1n Manchester between 1803 and 1604. Ironically, as a result of the 
emergence ofelectrolys1s 1n the early I§00s, two British workers, Nicholson 
and Carlisle, had already demonstrated that two volumes of hydrogen and 
only one ofoxyøen were released when an electric current was passed 
throuph acidulated water. This mipht have sugeested to Dalton, as 1t dịd to his 
Swedish contemporary, Berzelius, that water would be better expressed as 
HO. Dalton stuck to his simplest guns. 


The French nomenclatur1sts of 1787 had noted various ways 1n which 
chemicals could be symbolized by geometrical patterns. However, althouph 
this represented an aftempt to produce a simpler and more systematIC 
nofation than the alchemnists, such symbols were 1nconvenIentf to reproduce 1n 
print and so never became firmly established. Typographical difficulties 
were also a factor 1n preventing Daltonˆs represenfation of elementary bodIes 
by crircles distinguished only by hor1zontal and vertical diameter lines, 
shading, or by placIng an alphabetical letter w1thin the circle. Althouph easy 
to draw and providing a concrete two-dimensional portraIt ofround atoms, 
they proved cumbersome to print (especially for multi-atom molecules) and 
never came 1nto øeneral use. 


In I§13 Jöns Berzelius (I779—1848) Introduced the modern notation 
whereby an elemert 1s symbolized by the 1mtial letter of1ts Latin name, using 
two letters where elemenfs might otherw1Ise be confused: H, hydrogen; K, 
pofassium (kalium); C„ carbon; but Cu, copper (from cuprum). Berzelius” 
symbols, which could eastly be arranged algebraically to represent 
compounds, became generally adopted from the mid-I830s onwards, when 
chemists also began to represent reactions by means of equations. 


Are atoms split? 


Dalton was well aware of the arbitrary nature of his rules of simplicIty. In 
the second part ofthe New %ysfemn oƒ Chemical Philosophy published 1n 
I&10 he stated that water might be a ternary compound, in which case oxygen 


would have been sIxteen times heavier than hydrogen: or, IŸtwo atoms of 
Ooxygen were combined with one of hydrogen, oxygen”s atomic weight would 
be four. This uncertainty was to plague chemnsts for another fiffy years. 


Why, though, did Dalton not exploit Gay-Lussacˆs law of combining volumes, 
formulated In 18082 Dalton reJected the Frenchman's law on the ørounds that 
1ƒ equal volumes of gases at the same temperature and pressure contain the 
same number ofparticles, z, then some of them would have to “splIt, 
something that by defimtion no atom could do: 


2 volumes hydrogen +l volume oxygen = 2 volumes water 
2n H particles + 1zO particles#+2zHO particles 


Thus the oxygen atom would have to divide 1n order to produce fwo water 
particles, occupyIng two volumes. Such đivision was made even more 
prohibitive by the fact that Dalton concerved atoms to be surrounded by 
atmospheres of heat which rendered them self-repulsive. Since there was no 
conceivable way two self-repulsrve particles could he combined, the kind of 
atomic dIvision apparently demanded by Gay-Lussacˆs law seemed 
1mpossIble. 


Dalton”s views were reInforced by the electrochemnical theory of 
combInation 1ntroduced by Berzelius 1n 1813 (Chapter 4). Because like 
electrical charges were repulsive, atomic dIvision was rendered 
1mplausible. Not until the time of Canmnizzaro 1n I§58, was a way round this 
conundrum found 1n terms ofmolecular specIes. The trick was not to ask 
what held molecules together, but simply to accept, on chemical and physical 
evidence (kinetic theory), that most ofthe common elemenfary øases were 
điatomnc. 


BerzelIus also Introduced the notion ofvolume atoms. Assumnng that the 
volume occupIed by the atoms of different gases were all the same, because 
wafer consisted oftwo volumes of hydrogen and one ofoxygen he arrIved at 
HO as the formula ofwater; similarly he gave ammonia the formula NH: 1n 


corfradIiction to Daltonˆs formulae HO and NH. For this reason hIs atomic 
weIphts were radically different from those of Daltonˆs, even more so since 


he used an oxygen standard of sixteen (or sometimes one hundred) for 
relative weIphts rather than Daltonˆs hydrogen standard of one. 


Berzelius devoted most of his life to determining accurate atomic wetIghts, 
arguing that 1t was the most Important obJect of chemical 1nvestigation and 
one worthy of “unresting labourˆ. DespIte his øreat accuracy, many ofhis 
atomic weiphfs turned out to be Incorrect. This was usually because he had to 
work from oxiIdes. In the case of the two 1ron oxides, for example, he found 
that the quantity of oxygen (sixteen) that united w1th the same amount of1ron 
were In the raftlo of2:3. From this he assumed the formulae were FeO› and 


FeOa, rather than the FeO and Fe;O+› recognized later. Consequently 


BerzelIusˆ atomic weielht for Iron was double the one agreed 1n later 
decades. 


What was the chemncal revolution? 


Revolutions are excIting to wr1Ite about, espec1ally ones that are also set 
amid political upheaval; but in the case ofthe chemical revolution historIans 
may have overlooked long-term trends and the fact that practical chemnsts 
had shunned the mathematical physIcIsts” approach to material change. 


They had seen Boyleˆs and Newtonˆs approach as over-reductive 1n that 1t 
1pnored the richÏly mysterIous nature of chemical change. For them, 1n the 
words of French historian Sacha Tomnic, chemistry was a practice 1nvolving 
“0operafions, separatlons and combinations of substances that depended upon 
theIr properties and technical uses” rather than on the nature of matter 1self. 
The American historian Victor Boantza sees what he calls “the long chemncal 
revolutionˆ extending from Boyle to LavoIsler as a clash between physical 
and chemical perceptions. In that lipht, the phlogIstomists” resIstance to the 
LavoIsian approach can be seen as an attempt to hold a chemical as opposed 
to a physical method of1nvestigation. 


Despite the fact that the anti-phlogIstomsts won the debate, chemnsts 
Opposifion to physicIstsˆ meddling w1th theIr scIence continued during the 
19th and 20th centuries, and even continues today w1th chemnstsˆ refusal to 


allow the claim that chemistry can be reduced to physics. The chemical 
revolution can also be 1nterpreted 1n terms ofprofessional1zation and the 
creation of new teaching 1nstiftutlons, career pathways, and Journals. Nor can 
the role ofthe state be 1gnored, as governmernfs (especially that of France) 
began to plan secondary and higher education and qualifying systems. 


It1s perfectly legItimate to argue therefore that LavoIsIer ˆs new chemistry 
was the apogee of an evolutionary, rather than revolutionary, process. The 
historIographical 1ssue 1s best resolved by adopting the sophisticated 
approach of John GŒ. McEvoy who has argued for a multivalent approach 
which gIves equal weight, and Interconnection, between theoretical, soc1al, 
and 1nstitutional factors 1n the construction ofrmmodern chemnstry. 


Had he lived, the signs are that LavoIsier would have applied his new 
approach to vegetable and zoological chemistry. This was certainly the 
đirection which many of his disciples followed and to which we can now 
turn. 


Chapter 4 
lypes and hexaøons 


In recent years historians of chemistry have emphas1ized the changing roles 
between chemists and pharmacIsfs during the chemical revolution, and the 
comnection w1th the emergence of organic chemnistry as a discIpline 1n the 
18305. 


It was LavoIsler 's pharmacy-trained disciple Antoine Fourcroy who, as 
đirector-eeneral of public Instruction, did much to bring French sclence 
unđer state control. Fourcroy was the first chemist to establish that the 
bewildering variety ofcompounds that could be extracted from plants and 
animals generally confained Just a few elements, namely carbon, hydrogen, 
Oxygen, and mtrogen, and Just occasionally sulphur and phosphorus. 


Rather than talking ofvegetable chemnstry and zoologIcal chemnistry, 
Fourcroy divided chemnstry Info the two grand divIsions of1norganic and 
orgamc. The latter term confinued to refer to substances extracted from living 
entitiles until the 1830s. By then, however, chemnsts had prepared so many 
derIvatives of extractable mater1lals——that 1s, of substances that did not exIsf 
1n the living world——that the term organic chemistry came to have a wIder 
meaning. Ït was not, however, until 18SS that the German chemnst Friedrich 
Kekulé (1829-96) defined organic chemnistry as the chemistry of carbon 
compounds. 


Chemnsfts In the I9th-century pIctured atoms, and used atomic and molecular 
models to create an academically and 1ndustrially sigmificant discipline. 
“Paper chemnstryˆ and chemnisftsˆ imagined worlds of molecules were to aid 
their studIes and progress. 


LiebIg”s achievement 


The career ofthe Paris-trained German chemist Justus von LiebIg (1803—73) 
encompassed I1mnovation 1n teaching, 1mportant contrIbutions fo orgarIC 
chemnstry, and, above all, the application of chemnstry to apriculture, 
physi1ology, medicIne, nufrifion, and 1ndustry, as well as to the popular1zation 
Of chemnstry. 


Liebigs fame was not so much that he made any startling new chemical 
điscoverles (see FIgure 10). It was largely due to his demonstration with his 
Göttingen friend Friedrich Wöhler (1800-82) that 1t was possIble to use the 
paper tools of Berzelian chemical symbols to make sense of analytical 
results by inspecting and Jugsling with the composiflons ofreactants and 
products. 
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10. Water-cooled condenser usually attributed to Liebig because he used 
it extensively at Giessen. 


Manipulating chemical symbols on paper was as sipmificant as the 
1ntroduction of written, as opposed to oraÏÌ, examinafIons 1n unIversIfies 
during the same decades. As the German historian Ursula Klein has shown, 
the I§30s produced novel ways of1ndividuating, 1dentifying, and classifyIng 
Orgamc compounds, chief of which was the exploitation of Berzelius' 
chemical formulae and theIr manipulation on paper 1n an attempt to 
understand the composition ofthe dazzling parade of new derivatives that 
were ftofally unknown In nafure. 


Liebig, Wöhler, and their French contemporary Jean-Baptiste Dumas (1800 
84) excelled at this practice, and were considerably helped by the 
sophisticated method of orgamic analysIs w1th the so-called Kalapparaf 
(potash bulb apparatus) that Liebig developed 1n 1830 when attempting to 
undersftand the composition ofplant alkaloids. The replication of these 
ØravImetric experIments 1n the 2 Ist century has shown historians how 
accurate LIebIg”s results were for carbon, hydrogen, and oxygen conftent 
(though mtrogen content remained an acute problem). 


Liebig and Wöhler first met 1n 1826, when they Ironed out theIr difference of 
opInmion over the apparently Identical composition of Wöhler ˆs silver cyanafte 
and LiebIgs preparation of silver fulminate. They agreed that the two sIlver 
salts were remarkable examples of different modes of combInation among 
theIr elements carbon, hydrogen, oxyøen, and mtrogen. 


In 1830, Berzelius coined the word 7sommerism to descrIbe the remarkable 
phenomenon whereby orgamc compounds with very different chemical and 
physical properties were composed from the same elements 1n 1dentical 
proportions but 1n some unknown different physical arranegement. Wöhler 
produccd another striking example 1n 1828 when he showed that the product 
ofreactfing sIlver cyanate w1th ammonmium chloride was the “organic 
compound urea (and not ammonium cyanate as he had expected). 


Later generations of chemnst-historians saw Wöhler”s “synthesis” ofan 
Orgamic compound as the destruction of vitalism In chemnstry, but 1t 1s now 
Interpreted as a foundation myth 1nvented by later chemisfs to provide an 
exciting take-off poInt. In fact, Wöhlerˆs discovery of the 1somerIism between 
ammornium cyanate and urea did nothing to abolish the view that orgamc 
compounds extracted from vegetable and animals were under the control of 
something outside chemical knowledge, a vItal creatIvify. 


Instead, vital force simply w1thered on the vine throuph the development of 
synthetic organic chemnstry. Isomerism was to be, and remains, a fundamertal 
concept 1n understanding (and simplifying) the bewildering varIety of the 
now mmllions of organic compounds that have been prepared by success1ve 
øenerations of chemists. Without this clar1fyIng concept and the 1dea of 


structure that 1t eventually øenerated, organic chemistry would have long 
remained a “dark forest”, as Liebig and Wöhler aptly described 1tin 1§32. 


The developmert ofa rapid and accurate method of pravimetrIC orgarIC 
analys1s using the Kai7apparaí acted as a trigger for the explosion of orgamc 
(as opposed to 1norgamic) chemnistry. The two techniques of paper chemnistry 
and accurate composItional analysis forged the new điscipline ofcarbon 
chemnstry, as opposed to the tradition of vegetable and animal chemistry, and 
enabled chemnsts to class1fy and 1nterpret analyses 1n terms of common 
øroups or radicals and, later, 1n terms of “chemical types". 


The “Giessen model? 


LlebIgs contribution to the perfection of1norganic analys1s and 1ts 
dissemination must not be underestimated. At the University of CGiessen, and 
building upon the long historical tradition oftests for mineralogical 
composItion, he taught systematic methods of1norganic analys1s, though he 
left 1t to pupIls and assisfants such as Carl Fresemus (181§-97) and HeInrich 
WIII (1812-90) to publish these methods. (Fresemus went on fo creafte a 
famous school of analytical chemnstry in Wiesbaden that continues to this 


day.) 


These systematic øroup separation methods (wet qualiftative and quantifative 
analys1s) were to be taught to every student of practical chemnstry 1nto the 
1950s. The fame and celebrity status that Liebig soupht as a young man came 
about throuph teaching these systematic methods of1norganic and organic 
analys1s. BegInning with a maJorIty of pharmacy studernfs, he successfully 
attracted an International body of chemistry students to the Univers1Ify of 
Giessen, where he was appointed professor 1n 1824. From I8§35 until he left 
for Munich in 1852, he engaged In line-production research 1nvestigating the 
chemistry of living systems ofplants and animals. Whether Ciessen was the 
model for future research schools has been the subJect of great historical 
1nterest, since the “Ciessen model” rapidly spread far and wide. 


Two French brigands 


Charles Gerhardt (I816—56) had been trained and educated by his father to 
run a family white lead factory 1n Strasbourg, but Gerhardt fell so deeply 1n 
love wIth chemnstry that he rebelled and took advanced studies w1th LiebIg 
1n Ciessen and w1th Dumas 1n Paris. This led to a Job 1n Monfpellier, but 
disgusted with the poor facilities In such a provincial city he resigned 1n 
I&Š1, returned to ParIs, and earned his living by private teaching 1n his own 
chemnstry school. It was not untIl two years before his tragically early death 
that he was appointed a professor 1n his home town. 


From 1844 onwards Gerhardt became a close friend of another rebellIous 
chemnst, Auguste Laurent (1808—53), who had trained with Dumas 1n Par1s 
and worked 1n ceramc factories before teaching 1n Bordeaux. In 1§4ó, 
appalled by the poor facilities at the University of Bordeaux, he Joined 
Gerhardt In his school enterprIse In Paris where they shared 1deas about the 
reform oforgamic chemnstry. Neither man respected Dumas, theIr former 
teacher, because he represented conservative chemical 1deas and the 
establishmernt; both men were tactless and quarrelsome, but between them 
they transformed the way organic chemisfts viewed thetr chaotic subJect. 


By the I8§50s, orgamic chemists were confident about the constitution and 
quantitative ratIos ofthe elements composing an organic compound (thouph, 
1n practice, theIr formulae mipht look different because there was no 
COñSsIsfent system of atomic weiIphts). By then chemists were also aware that 
elemenfs “clumped” together 1n regular patterns, and that there was an 
I1nternal “order” ofelements w1thin a compound, as 1ndicated by the fact that 
the same emprrical formulae had to be g1ven to 1somers that had distinctly 
different properties. 


Berzelius had been a pIoneer 1n differentiating the clumps w1thin molecules 
by virtue ofthe dualistic system that, followIing LavoIsIer ˆs InorganIc system, 
he promulgated from 1818 onwards. According to this electrochemncal 
system of classification, organic compounds consisted ofa posIfIve 
hydrocarbon radical electrically linked to a negatively charged molecule that 
mipht contain more carbon and hydrogen together w1th oxygen, nitrogen, and 


other elemerfs. This classificatory model was known as the radical theory; 
orgamic chemistry, 1n the words of Liebig, differed from Inorganic chemistry 
because 1t Iinvolved compound, rather than simple, radicals. The radical 
model has persisted 1nto the 2Ï st century 1n the 1dea of “øroupsˆ, thouegh these 
are no longer labor1ously 1dentified by 1I9th-century methods ofanalys1s, but 
by therr optical signatures that can be read spectroscopIcally or magnetically. 


An alternative way ofvIewing the constitutIon oforganic molecules had also 
matured from the I830s. This had been generated from a discovery by Dumas 
1n 1834 that electronegative elements or radicals such as chlorine, bromnine, 
and cyanogens could be exchanged or substituted for hydrogen, in what 
Berzelius Interpreted as the electropositive hydrocarbon portion ofa 
molecule. 


For Dumas, substances ofthe same chemical type clearÌy contained the same 
number of equivalents united 1n the same mamner because they underwert the 
same fundamertal reactions. For example, acetic acid, CH:COOH could 


eas1ly be transformed Into CCLCOOH, and both acids had very similar 


properties when reacting with other reagents. (Dumas actually wrote the two 
acids dualistically as C„O¿,C„H›H¿ and CrO¿,CaH¿Cl¿, where C = 6.) 
Berzelius was 1mtially not at all happy with Dumas" findings, but forced by 
the evidence, he began to elongate his formulae by allowIng substitution 1n 
only the electropositIve carbon øeroupIng of an organic compound. 


Meanwhile, Gerhardt, inspired by the ancIent biological idea ofa great chaIn 
ofbeing, or ladder of nature, explored the 1dea of classifying compounds by 
a ladder of combination. Given the dazzlingly large numbers of orgamIc 
compounds that chemnsts had already differentiated by the 1840s, Gerhardt 
supposed that a principle ofplenitude operated, and that where two orøaric 
compounds differed by two unifts of carbon and hydrogen, another compound 
that differed by only one carbon and hydrogen umit must also exist. He soon 
called this the princiIple of homology. 


Paraffins formed a series ofcompounds that differed by CH:, and this 


applied equally to the orgamic acIds formed from them. It was a simple 1dea, 
but one that had far-reaching Implicatlons for the learning and understanding 


of orgamc chemistry. Ít was the equivalent ofthe epiphany of the languaøe 
student on learning that French verbs are only three 1n kind and that each 
conJugafes 1n a regular way; or that there are only strong and weak verbs In 
German. 


Substitution had already occurred to Dumas” pupIl, Laurent. The latter 
opposed the dualistic views of Berzelius and, inñuenced by his studies of 
crystallopraphy, where the principle of1somorphism revealed families of 
crystals with identical shapes desptte theIr being different salts, Laurent 
chose fo view orgamic molecules as unified or as “sinele edifice” compounds, 
and not binary 1n compos1Iftion. 


He called these crystal-like edifices “fundamerfal radicals°. Throuph 
substIitution of elements w1thin such unitary compounds, new commpounds 
could be produced that he labelled “derived radicalsˆ. These derivatives, 1n 
therr turn, played the same role as fundamerntal radicals, and 1n this way 
Laurent formed a natural classification of orgamc compounds. This system 
formed the substance of his posthumous treatise, Chemical Method (1854). 
'When Laurent reviewed the warfare between the Berzelian dualists and hIs 
own advocacy of a unitary model he observed: 


Experiments went for nothimg: dualism had sworn to uphold 1ts posttion ... . Ï was an mposter, 
the worthy associate of a brigand [Gerhardt]|, and all ths for an atom of chlorine gas put m the 
place of an atom of hydrogen, for the simple correction of a chemrcal formula! 


The collaborators Gerhardt and Laurent realized their Ideas of unitary 
compounds and homologous serIes were complemerntary, and that this offered 
a new way ofclassIfyIng orgamic compounds. 


Gerhardt first publicized the concept of homologous serIes 1n his w1Idely read 
ĐPrecis de chimie oreanique 1n 1844, and he stressed 1s usefulness w1th 
respect to classifying and differentiating organic compounds of the form 
[(CH2) + HO]. [(CH2) + H?O] and, more generally, [(CH”)" + HO]. When 
such compounds were oxIdized, sulphonated, or halogenated, theIr emprrical 
formulae retained the same form. This enabled Gerhardt to declare that 1f the 
composItion, properties, and method of formation ofa sinele substance 
obtained from one of the serles ofacIds were known, 1t would be possIble to 


predIict the composition, properties, and mode of formation of all substances 
1n a derived serIes. 


Inevitably, Gerhardt”s critics (and there were many) accused him of 
pracfIsing numerology rather than chemistry, but he was vindicated by his 
successful prediction of many compounds seeminglÌy missing from the ser1es 
ofalcohols [(CH)“ + H7O], or the prediction of the boiling points of 
compounds hitherto missing 1n a sequence. It should be emphasized that all 
this was empirIcal sorting and classifying, and the true sipmificance of the 
repeating units of CHZ only became apparent when Kekulé introduced the 
1dea of carbon chaIns In I§58. 


One of the reasons why the formulae of organic compounds printed 1n 
chemists°” books and papers 1n the I840s look so strange to us foday 1s 
because chemnisfs were obsessed with a formal analogy between InorganIc 
and orgamc compounds while neglecting the assumption that equal volumes 
Of matfer In a øaseous or vaporous sfate contained the same number of 
molecules. Amadeo Avogadro's hypothesis which had been proposed In 
I§11I seemed physIcally impossible to Dalton and Berzelius, since 1t 
demanded that simple molecules like hydrogen and oxygen were binary, H; 


and O›. However, 1ƒ the atoms were positively or negatively charged, self- 


repulsion would drive them apart. When Berzelius and others calculated the 
molecular moiefIes of organic acids and their derIvatives they chose to 
double the emprrical formulae 1n order to ensure the presence of HO within 


the molecule. 


Consequently, organic molecules were based upon a four-volume standard as 
opposed to the two-volume scale 1n which water was H›O. Thus, sulphuric 
acid was (SOa + HO), whereas acetic acid ”s empirical formula was double 
that oftoday”s, 1.e. (C„HzO› + H;O) rather than (C2H2O + H;O). It was 
Gerhardt who drew attention to the anomaly that when four-volume formulae 
Wwere used 1n organic chemnstry, 1n reactions that involved the elimination of 
water (the moiety HO), 1t appeared as HO; (or 2H;O), and not as the H2O 
1t did 1n Inorgamic eliminations. A similar discrepancy appeared 1n organic 
reacflons that involved the elimination of CO›. 


Gerhardt argued that consIstency could only be achieved 1f one standard was 
used throughout chemistry, and that great simplification would be achieved 
by using two-volume formulae. Nevertheless, 1t took another twenty years 
before International apreement on a two-volume standard was reached. 
Iromcally, Gerhardt himself never contemplated using Avogadroˆs hypothes1s 
as a standard for determining molecular formulae. 


One apparent difficulty w1th two-volume formulae was that orgamc 
monobasic acIds (ones containing only one replaceable hydrogen atom) 
could not be wriften as 1f they were hydrated anhydrides. This was somewhat 
1romc, ø1ven that Humphry Davy (1778—1829)——the English discoverer of 
several post-LavoIsian elements like sodIum, potassium, and 1odine—had 
shown, despite LavoIster, that the halogen acids (HCTI, HI, etc.) did not 
contain oxygen. The difficulty was eventually resolved throuph the work of 
Thomas Graham and Liebig on bibasic and tribasic acids, which led to the 
nofion that acids were better defined by therr replaceable hydrogens. This 
reconceptual1zation, once again, undermined the simple dualIstic 
electrochemnical model of Berzelius and made the umitary model of Laurent 
much more acceptable. 


Nevertheless, throughout the I§40s chemisfs such as the Lancastrian, Edward 
Frankland (1825-99), and the German, Hermamn Kolbe (181§—84), 
continued to find the radical model useful. Both men thoupht they were able 
to prepare and 1solate Individual radicals of “methyl”, “ethyl°, and so on, Just 
as 1ƒ they were new simple elemernts. Kolbe did this by the electrolys1s of 
organic acids; Frankland by reacting the 1odide salts of organic aciIds with 
metals such as zInc 1n sealed tubes under pressure: 


C.H,I +Zn >C.H, +Znl 
ethyl iodide + zine — 'ethyÏ + zine iodide 


Ít soon transprred that the boiling poinfs ofthese hypothetical radicals did not 
fit1n with the notIon of homologous serIes, and that what Frankland and 
Kolbe had really prepared were the stable dimers of the supposed methyl 
and ethyl radicals: 1.e. not C2H¿ and CH:, but C;H¿ and C„H¡ạ, ethane and 


butane. An unintended consequence ofthis attempt to 1solate radicals was 


Franklandˆs điscovery of a range of organometallic compounds (his term) 
that were to prove of øereat 1nterest 1n the 20th century. 


Chemncal types 


By the I850s, Gerhardt had begun to suggest a new, far-reaching way of 
classIfyIng organic compounds that he named the type theory. Inluenced 
øreatly by Laurent”s unitary idea of molecules, in which multiple 
substitutions of different elements and radicals were possible, and by the 
previous work of Dumas, he suggested that alÏ organic molecules could be 
modelled on relatively few Inorgamic prototypes; organic molecules were 
simply substitutlon derI1vatives of the Inorgamic molecules hydrogen (H;), 


hydrogen chloride (HC]), water (HO), and, later, ammomia (NH). 





11. Alexander Williamson (1824-1904), professor of chemistry at 
University Colleøe London. 


Why four types when two mipht have done? The answer lies 1n the fact that 
althouph Gerhardt and Laurent had undermined the simple form of BerzelIus 
electrochemncal theory, they realized that molecules did display polar1ty. 
Thus H; was the type that displayed the least polarity, and that when the 
hydrogens were replaced by hydrocarbon radicals the relatively 1nert 


9 


paraffin and olefin homologous serIles were produced. Substitutions 1n HCI 
produced the more active and polar organic salts such as ethyl iodide, C›H:l; 


and H›O, as Gerhardt's British disciple Alexander Williamson (1824-1904) 


demonstrated In I850, provided an extremely elegant way of explaIning the 
makeup ofthe organic alcohols and ethers (see FIgure II). Types literally 
obliged Inventiveness among the typographers In the printing works, as 
elaborate brackets began to pepper chemists° prIinted papers: 


H CHạ CHạ CHạ 

O O O O 
H CHạ CạH; H 
water dimethyl øther ethyimethyl mixed øther methyl alcohol 


WIlliamson stated proudly: 


The method here employed of statmg the rational constitutlon of bodies by comparson wtth 
water, seems to me to be susceptible of great extension; and I have no hesitation m saying that 
1s mfroduction wIll be of service m simmplfymg our ideas, by establshmg a unform standard of 
comparIson by which bodles may be Judged of. 


lfacetic acid 1s wriften as 
CạHạ 
} o 
H 
there should be an anhydrous form (acetic anhydride) 
CaHaO 


CạHạO 


Itwas Willlamson”s particular trrumph to predict this anhydrideˆ”s exIstence 
1n [8Š1, and 1t was duly prepared by Gerhardt 1n the following year. 
W¡Illiamson”s work on ethers was soon followed by Hofmanns work at the 
Royal College of Chemistry 1n London on the nitroøen-confaining amines. 
Here ammonmia, NHạ, became the model type (where R, R°, R” stand for 


var1ous radIcals): 


H CH, R 
` N_C,H, NR N 
H C„H„ R” 


Gerhardt lived Jjust long enouph to learn that WIlliamsonˆs colleague, 
William Odling (1829—1921), proposed adding a marsh gas (methane) type, 
but not long enouph to w1tness how Kekulé used this to deduce the 1dea of 
carbon chains 1n 1858. The latter signalled a further triumph for Gerhardt”s 
reforms. 


By hypothetically substituting radicals such as ethyl Into water, he achieved a 
rapprochemert between the hitherto opposed radical and type classifications. 
Moreover, by subsuming orøamic compounds under four 1norgarIc types 
Kekulé effectively brought about a unfication of chemnists and of chemnstry. 
Orgamc chemnstry, in Kekuléˆs hands, was to be the chemistry of carbon 
compounds——as he subtitled his textbook, Lehrbuch der (@rganischen 
Chermmie In 1861. 


Frankland's Introduction of valency 


Type theory (which soon embraced so-called “mixed types” 1n which, for 
example, the water and ammomia types were bolted together) ImplicitÌly 
confained wIthin 1t the 1Important concept of valence, or the combining power 
ofindividual atoms. 


Frankland, whose fame derived from his exploration of organomefallic 
compounds like tin diethyl and stanethylium, had been the first to address this 
1n 1852. He pointed out that the elements w1thin an InorganIc or organic 
compound appeared to have a definite or fixed affinity for other atoms, or 
“onÌy room, so to speak, for the attachment of a fixed and definite number of 
the atoms of other elemenfsˆ. Thus hydrogen seemed to fix only one other 
attachment, oxyøen /wo, and nitroøgen as many as ƒ?ve. 


Frankland called this regularity “atomncityˆ, but 1t was soon being called 
“valence” or “valency", from the fact that the attachments could be regarded 
as one, two, or more umifs that were “equivalencesˆ ofhydrogen. Kekulé, 
following Odling, took this further by suggesting that carbon had the abilIty to 
umte with four equivalents of hydrogen and combine with 1tselfto form 
chains such that two Joined carbons still had a combining capacIfty or valence 
Of six, and a chain ofthree carbons, eight, and generally øC = 2n + 2. Where 
this did not work, namely with the olefins, CHạ, and acetylenes, C2H›, 


Kekulé boldly introduced the Idea that 1n such compounds two carbons could 
also mutually satisfy two or three valences and so form double or triple 
bonds. (The term “bond" had been 1ntroduced by Frankland 1n 1866.) 


Althouph the development ofvalence as an architectural concept for linking 
atoms together w1thin a molecule owed more to Kekulé than to Frankland, 1t 
was the teaching and examining positIon ofthe latter as Hofmamn”s successor 
at the Royal College of Chemnstry that enabled him to spread the concept of 
valency throuph textbooks and øovernment examinations. 





Kekulé”s news from Ghent 


Friedrich Kekulé had 1ntended 1mtially to train as an architect, but studied 
chemnstry wIth LiebIg at CGiessen 1nstead. Liebig sent him to London for 
further experIence, and there he came under the 1nffluence of Odling and 
WIlliamson and theIr enthusiastic support for the unitary and type theorles of 
Laurent and Gerhardt. After further private studies in Heidelberg, he was 
appoInted professor of chemistry at the University of Ghent 1n French- 


speaking BelgIumn I§58. He finally returned to Germany as a professor 1n 
Bom 1n 1867. 


Kekulé”s theoretical 1nsighfs Into the classification oforgamic compounds, 
valence, and structural chemistry, and his sugøestion ofthe hexagonal formula 
for benzene, transformed orgamic chemnstry. In hIs øreat paper of 185S, “On 
the constitution and metamorphoses of carbon compounds and the chemnical 
nature of carbon”, in which he extended the quadrivalence of carbon In 
methane to all of1ts compounds, Kekulé stressed how 1ndebted he was to the 
English and French schools of chemnstry for his 1nterpretation. With hindsight 
1t can be seen that at one stroke orgamic chemistry had been unified: chemists 
no longer needed to separate “typesˆ for paraffins, ethers, amines, etc.——all 
Orøanmic compounds were now embraced within the 1dea of carbon chaIns 
(catenation) and the notion of carbonˆs tetravalence. 


In an after-dimner speech in I§90, Kekulé”s recalled daydreaming on an 
ommibus while he was a postdoctoral student in London 1n 1855. In his 
1maginafion he had visualized carbon atoms linking together to form long 
chains. Structural orgamic chemistry demands Imagination and the ability to 
think architecturally, but Kekulé”s 1deas did not involve connecting carbon 
atoms by lines 1n the 1850s. Instead, he Iimagined segmented wormilike 
entities made up from sub-atoms. The sausage-shaped graphic formulae 
(FIgure 12) that he first used 1n lectures In Heidelberg 1n 1857 followed from 
this model, and seem confirmed by Kekulé”s statement In 1867 that 
“polyvalent atoms, w1th respect to their chemical value [valence |, can be 
VvIiewcd In a sense as a conglomeration of several mono valent atomsˆ. The 
graphic formulae that Kekulé used In his Lehrbuch der Organischen Chemie 
were prInted visualizations ofthis model, and he confinued to use type 
formulae as a means of classification. 


ExplicIt line-connected chains were the Iindependent 1dea ofa Scots chemist 
named Archibald Scott Couper (1831-92) who was working 1n Adolphe 
Wurtzˆs laboratory 1n Paris between I[§56 and 1858. Couper ˆs paper, boldly 
tiled “On a new chemnical theory”, had 1s publication unfortunately deferred 
until afer Kekulé”s own paper had been published. Menral 1lIness then 
blighted Couperˆs blossomnng career, and his sigmificant contrIbutlons to 


paper chemistry remained virtually unknown until the 20th century. 
Nevertheless, his øraphic notatlon was noted by the professor of chemnstry at 
Edinburgh, Alexander Crum Brown (1838—1922), who enthusiastically 
deployed such formulae In his thes1s 1n 1861. These line-drawn graphic 
formulae were then adopted by Frankland In his lectures at the Royal Colleøe 
of Chemistry 1n London, as welÏ as 1n his research papers. Frankland was 
also an inuential examiner for state tesfs, and In this way he ensured the 
rapId adoption of such øraphic formulae In the IS60s. 


Aethylchlorid Alkohol Essigsäure 
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12. Kekulé”s sausage-shaped formulae. Univalent atoms like hydrogen 
were represented by single circles, and multivalent atoms like carbon by 
overlapping circles. 





The benzene ring and “Kekulé”s dreams” 


HiIstortans of chemnistry have tended to stress the slow evolutionary 
continuity of Kekulé”s work 1n organmic chemnstry rather than the sudden 
emergence of particular 1nsiphts. We camnot be certain exactly when Kekulé 
hit upon the structure of benzene as a closed chan of six carbon atoms, 
thoueh 1t probably occurred to him around the time ofhis first marriage In 
1862. 


Towards the end ofhis life, 1n typical self-deprecatory fashion, he said that, 
while dozIng, he had Imagined a chain of dancing carbon atoms forming a 
closed crrcle, like a snake eating 1fs own taIl. Historians have long debated 
the validity and nature of Kekulé”s two “dreams” on historical and chemical 
ørounds. It must also be recogmized that the “Benzolfest” of I8§90 at which 
Kekulé recounted his daydreams was designed less to honour Kekulé than to 
Impress particIpanfs and newspaper readers ofthe central economnc 
sipmificance of chemnstry for the Reich. Consequently, accounfs of the 
speeches have to be used with caution as historical texts. 


Despite his declining powers, lethargy, and fixation with famly history and 
ennoblement—which his radical theorist rival Kolbe exploited 1n Inexorable 
crIticIsm of Kekuléˆs structure theory——Kekulé dịd have some sIgnificant 
achievemerts after he moved to Bom In I§67. In 1872, he proposed a daring 
dynamnc oscillation formulation for the structure ofbenzene that explained 
the embarrassing lack of1someric disubstituted derIvatives In benzene that 
seemed otherw1Ise possIble. 


In the early 1880s, when several alternative possIbilitIes had been touted for 
benzenes structure, including a prIsm formula proposed by Ladenburg, 
Kekulé demonstrated a return ofhis old powers when he showed that a serles 
Of experimertal transformations of pyrocatechol and quinine were best and 
most simply explained 1fbenzene was a hexagonal closed carbon chain 
(FIgure 13). 


While 1t 1s convenient to suppose that 1t was Kekulé”s architectural training 
that helped him concerve molecular structure and to play with molecular 
models, what 1s more strIking 1s the view he acqurired from WIlliamson of the 
dynamnc nature of molecules. Architecture 1s essentially static, whereas 
Kekulé”s conception of structure was mụuch more fluid and ImprecIse. To that 
end, the visionary giddy molecular dances cited 1n his speech at the 
Benzolfest in 1890 ring true. 


13. Kekulé”s oscillating benzene rings. Collisions between the carbon 
and hydrogen atoms in the hexagonal ring were supposed to lead to 
fluctuating posifions of the double bonds. Thịs “resonance” accounted for 
the absence öof isomeric disubstituted benzene compounds ïn the firsf 
and second positions of the apex. 


The trrumph of structural theory 


One of the strongest supporters ofa structural view oforganic chemistry was 
the German-trained Russian chemnst, Alexander Butlerov (1828-86). It was 
he who pointed out how the theory would explain the exIstence of1somers. 
TWwo subsfances with an 1dentical empirical formula like ethyl alcohol and 
dimethyl ether, C;H,O, had two different structures, CH:CH;—-OH and CH— 
O-CH¡, and 1t was the different positions ofthe atoms within the molecules 


that gave rIse to their different properties. 


Further confirmation of structuralism came with the elucidation of 
SfereoIsomer1sm, the phenomenon whereby fwo 1somers differed onÌy 1n one 
physical property, namely the way theIr crysfals rotated the plane of 
polar1zation to the left or right, as Louis Pasteur (1822—95) first elucidated In 
1848. In 1874, the Dutch orgamic and physical chemnst Jacobus van ˆt Hoff 
(1852-1911) explained Pasteur 's observations by suggesting that the four 
valence bonds ofcarbon were directed towards the apIces ofa tetrahedron. 
Thịs would allow the possIbility of asymmetry and the exIstence oftwo 
configurations ofa molecule that were the mirror images of each other. Soon 
chemists were applying these øeometrical 1deas to other atoms like mtrogen 


and sulphur, and stereochemical research became extremely fashionable until 
1t culminated 1n the coordination theory ofmolecular structure developed by 
the Sw1ss chemist Alfred Werner (1866—1919) from 1891 onwards. 


In Werner ˆs theory, which applied particularly to the kinds of organo-metal 
compounds 1nvestigated by Frankland, molecular sroups (ater termed 
ligands) could be distributed around a central metfal 1n varIous øeometrical 
forms. Geometry among chemists became quifte fashionable. The Germans 
Viktor Meyer (1848-97) and Adolfvon Baeyer (I18§35—1917), for example, 
Iintroduced the idea of steric hindrance to explain how ringed structures mipht 
set themselves In one particular r1g1d form because a large molecular øroup 
prevented the rotation ofthe two parts ofthe molecule 1nto a different 
(IsomerIc) structure; or at other times be quite unstable because the bonds 
between the atoms were under straIn. 


Probably the greatest trrumph of structuralism was to be seen 1n the work on 
suøars of Emil FIscher (1852—1919) In the 1§§0s. F1scher found that there 
W€re sIxteen 1somers ofthe sugars that shared the empirical formula 
C¿H;zO,; the only difference between them was the extent of their optical 


activify produced by the fact that each sugar had four asymmetric carbon 
atoms. 


Bringing chemnstry to order 


In a short account of the development of chemnstry 1t 1s Impossible to do 
Justice to the hundreds of minor chemists w1thout whose contributIons the 
edifice would never have been completed. To take but one example: Leopold 
Gmelin (178§—1853) was a member of an Important dynasty of physIcIans 
and apothecarIes goIing back to the lóth century and Wöhler ˆs teacher at the 
University of Heidelberg. He was described by a contemporary as “one of 
chemnstryˆs athletes”. He was certainly an 1mportant teacher: his pupIls 
included Wöhler, WIII, Bunsen, and WIlliamson, as welÏ as several 
øenerations of1nfuential pharmacIsts. As Berzelius famousÌy remarked: 
“anyone who has studied chemistry w1th Gmelin w1Ïl have little to learn from 
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Today, Gmelin 1s chiefly remembered by historIans of chemnstry for three 
reasons: his skilled analytical work on the chemistry of digestion which he 
undertook with his physiologtcal colleague Eriedrich Tiedemamn In the 
1820s; his remarkable ordering ofthe elemenfs Into chemnical triads that 
foreshadowcd the later periodic system of classification; and for his 
monumertal Handbuch der Chemie which went through four editlons during 
the author ˆs lifetime and continues to be produced by the Gmelin Institute 1n 
Berlin to this day. 


Gmelinˆs original idea was to summar1ze all known chemical knowledge, but 
he soon found 1t was 1mpossIble for one man, however athletic, to keep up 
with the phenomenal progress of orgamic chemnstry 1n the 1830s. The last 
edition ofthe Hjandbook, which was translated 1nto English by Henry Watts 
(Iibrarian ofthe London Chemical SocIety) between 1848 and 1872, was 
largely restricted to Inorgamc chemistry. Gmelin”s decIsion gave the 
RussIan-German organic chemnist Friedrich Beilstein (1838—1906) the 
opportunity to devise a similar encyclopaedic survey of organic chemiIstry 
from I8§81 onwards. Beilstein”s plan was to provide an account of the 
physical and chemical properties of every organic compound described 1n 
chemrical literature and I1dentified by 1fs molecular formula. Before his death 
Beilstein handed the enormous task of comp1lation over to the CGerman 
Chemnical SocIety that Hofmamn had founded 1n 1867. “Beilstein”, as 1t 1s 
called by chemnsts, continues to this day 1n online searchable form. 


An acute problem faced by compilers of such handbooks, let alone 
laboratory workers, was aøreement on the naming of compounds for 1ndexing 
purposes. In 1892 an International øroup oforgamic chemnsts and editors of 
chemical Journals met in Geneva to forge aereemernft on nomenclature. They 
agreed to use the structural theory as the basIs for ø1vIng systematic names to 
chemicals, the idea being that the name 1tselfwould enable any chemnst to 
deduce a compound”s structural formula and to find 1t in Beilstein. 


Common diethylether, for example, became ethoxyethane and common names 
such as olefiant gas and acetylene became ethane and ethine respectively. 
The citric acid of lemon Jjuice, CHạO-, became the more formidable 2- 


hydroxypropane- l,2,3-tricarboxylic acid. The Geneva conference was 


necessary, but chemisfs paid a heavy price for Inventing systematic names for 
unambiguous structures—narmely the loss ofpublic understanding. Doubtless 
this explains the persIstence ofa common nomenclature. Water remains wafer 
and only rarely 1s 1t necessary to write dihydrogen oxide to avo1d ambIguIty. 


During a 19th century of chemical “gianfts" 1t 1s worth emphas1zIng 
WIlliamson”s pivotal role 1n the development of I9th-century chemistry. Not 
only did his demonstration ofthe power ofthe water type help lead to the 
concepts ofvalence and structure, but the elegant work on etherification aÌso 
sugøested how chemists mipht 1n future 1nvestigate the mechanism of 
chemical changes as Individual atoms exchanged posiftIlons 1n stages through 
1ntermediate compounds. 


His visualization ofatoms 1n motion, and reactants and products 1n dynamic 
equilIbrIum, were fo Infiuence the development of physical chemistry 
profoundly. As a firm believer 1n the existence ofatoms, WIlliamson did 
much to eradicate the predominant scepticism ofhis fellow chemists. These 
profound academnc contrIbutions were accomparmied by a remarkable 
personal generosity of spirit. He personally educafed successive øroups of 
Japanese studenfs at University Colleøe London, many of whom kick-started 
the modermization of hitherto 1solated Japan on therr return. TheIr 
descendanfs ensured Japans place at the forefront of later chemnstry. 


Chapter 5 
Reacfivity 


There has always been a close relationship between the teaching of 
chemistry and physics. Indeed, since the 1§th century what are now seen as 
separate experIimental disciplines were taupht 1n a unified way. Robert 
Bunsen was famous for saying that a chemist who professed not to know any 
physIcs could not be a genuine chemnst. 


The rise of organmic chemistry soon put a strain on the amount of1nformation 
and experimental demonstrations that a single professor could lecture on. lt 
was this fact, together with the limited opportumties for chemists trained 1n 
Germany to find academic posts, that caused several chemnists In the I§50s to 
transform themselves Into phys1Ic1sfs. 


In teaching the elements of Hight, heat, sound, electricIty, and magnetism they 
frequerntly became 1nterested In the physIcal properties of matter and how 
these affected chemnical transformations. The result was the emergence ofa 
third speciIalized area of chemistry known as phystcal (or, sometIimes 
theoretical or general) chemnistry. Physical chemnstry, not InorganIc or 
Organic, was destined to become the basis upon which chemistry was †o be 
taupht. These developmenfs necessarily led to changes 1n the design of 
chemists° work spaces for teaching and research. 


'Why do homogeneous substances Interact? By the mid- I9th century many 
different kinds of chemical change had been recogmized and systemafIzed In 
textbooks. Sometimes elemenfs combined together directly; at other times one 
element substituted for another. Cormmpounds could dissocIafe and then 
TeassocIafe, or fwo compounds could undergo a double decomposition with 
an exchange of partners. Elements and compounds could be oxIdized or 
reduced by the addition of oxygen or the removal of hydrogen; and sometimes 
a compound could be Iinduced to undergo 1someric change. 


It became the task of physIcal chemnsts to explain these different 
transformations In terms ofexchanges between atoms and molecules 
powered by energy changes and the shif†s In equil1br1um that underlay all 
reactivity. Physical chemists found ways of expressing chemical change In 
mathematical terms, and so broupht generalization and systematization to 
chemical practice. They entered an 1deal, imagined world that provided a 
guide to the behaviour ofreal substances. 


Berthollet”s IinvestIgations ofreactions at the beginming ofthe 19th century 
had led him to the 1dea that chemical transformation depended upon physical 
conditions and that affinities could be satisfied 1n dozens of different ways, 
leading to the claim that compounds were not formed 1n definite proportIons. 
Such a view seemed 1mpossIbly complicated and was quickly replaced by 
the Daltomian view that chemical changes proceeded 1n definite quantfIties or 
proportions. 


Consequently, 1t was not until mid-century that a few chemnsts returned to the 
quesfion first raised by Berthollet: what were the conditions for chemical 
equilibria, and what were the mechamisms 1nvolved 1n chemical reactions 
when one homogeneous stufF1nteracted w1th another to produce other 
completely different homogeneous substances? 


Are physical properties regular? 


One early physIcal research programmme was established by Hermamn Kopp 
(1817-92), a colleague of Liebig”s at GIessen who subsequertly Joined 


Robert Bunsen (I S§11—99) at Heidelberg. Kopp was Interested 1n how 
physical properties like melting and boiling poInfs were affected by changIng 
composition. Could 1t be shown, he asked himself, that the physical constants 
assocIated with substances, like melting and boiling poinfs, were functlons of 
the chemical nature of molecules? 


Ít seemed for example that 1n the homologous serles 1dentified by Gerhardl, 
melting poInts (a useful way of establishing the pur1ty and 1dentity ofan 
OrØanic compound) 1ncreased as one paraffin was transformed 1nto another 
by the addition ofCH›. As Kopp demonstrated 1n the 1840s, a difference of 


nCH; corresponded to about z1 9°C 1n boiling point for organic paraffins, 


acIds, esters; and that a difference of carbon atoms produced boiling poInt 
differences ofz29°C; or that the additions of hydrogen atoms alone fo a 
compound caused compounds to boiÏl at z5 °C lower. Physical properties 
were clearly a function ofŸa compound”s stoIchiometry. 


Kopp spent nearly all his career when he was not 1nvestigating the history of 
chemnstry (1n which he was also a pioneer) making meticulous experImental 
determinations ofphysical properties w1Ith the aIm ofbeing able to offer 
arIithmetical or geometrical serles formulae to calculate the physIcal 
properties of newly discovered compounds. lt 1s a curIous fact that, at the 
same time as Kopp”s programmes, other chemists, 1nspired by Prouts 
hypothesIs, were trying to formulate arithmetical relationships between the 
atomic weiphts ofelemenfs. A good deal of what was then referred to as 
“chemical physIcsˆ Iinvolved Pythagorean musiInøs. 


Kopp died In 1§92 without having produced a satisfactory and exact way of 
correlating physical properties with molecular composition; but he produced 
a wealth of data that proved extremely useful for analytical and synthetic 
chemnstry. In the 20th century his work stimulated the production of 
compilations ofphysical data such as Kaye and Laby”s 7ables oƒ Physical 
and Chemical Consfanfs 1n T911; thịs has remained 1n prinf ever since, and 
expanded from 150 pages to over 600 pages 1n successive edItions. 


The broad highway of thermodynamics 


The most Important area of chemnistry to be Iinfluenced by physics was 
thermodynamics, a science that arose when physIcIsts and engIneers began fo 
concern themselves with the efficiency of the steam engines and electric 
mofors that had come to dominate 1ndustrialized parts ofthe world. 


Chemical thermodynamics had begun earlier w1th thermochemistry. This can 
be traced back to the I§th-century studies of specific and latent heats made 
by Joseph Black, who showed that different substances had different 
capacItIes for absorbing heat. In addition, large amounts of heat that were not 
regIstered by a thermometer were required to melt a solid or boil a liquid. 
Specifc heats proved usefil when the École Polytechnique-educated Pierre 
Dulong (I78S5—1838) and Alexis Petit (1791—1820) found a simple 
relationship between an elemenfˆs specIfic heat and 1ts atomc (or 
equivalent) weipht. Their emprrical relatlonship, atomic weIght multiplied 
by specrfic heat equals 6.4, proved useful In determining atomic weIghts, as 
BerzelIus showed. 


As the word suggests, thermodynamics concerns the transformation of heat 
1nto the useful work ofa machine. By the I§40s, physIcists like Rudolf 
Clausius (I8§22—88) In Germany had established the first law of 
thermodynamncs: that energy (a measure ofthe ability of molecules in motion 
to øenerate heat and power) was conserved. He meant by this that whenever 
work was done throuph the agency of heat, a quanfity of heat was consumed 
that was proportional to the amount ofwork done; conversely, the 
expenditure ofan equivalent quantity of work produced an equal quantity of 
heat. 


Claus1us promoted a new, molecular way ofunderstanding heat as the 
mechamical motion of particles, as opposed to Lavo1sIer 's Iimponderable 
caloric. ClausIus knew sufficient chemistry to perceive chemnical change as 
đissoclafion, and was encouraged by WIlliamson's work In England on the 
mechanmism of etherification. Heat drove molecules apart and overcame the 
1ntrInsic affimties or attractions between coupled particles. There came a 
staøe 1n a reaction, however, when the forces of attraction and thermal 
đissipation entered equilibr1um. 


In 1Š73 another German chemnst, August Horstmamn (I§42—1929), took this 
much further by asking himself what the extent of dissocIation was 1n any 
particular reaction and equilibrium. Noting the work of Clausius, he posted 
that the limt of any đissociation depended upon the entropy of the reaction 
reaching a maxImum. 


Although LavoIsler *s purpose 1n using a guinea pIg was †o compare 1ts body 
heat with the heat evolved when carbon was burned to carbon dioxide (see 
Chapter 3), the experiment led many other chemisfs to 1nvestigate the heats of 
reactions. Between 1838 and 1840, Berzeliusˆ Russian pup1l, Germain Hess 
(1802-50), showed that the heat evolved In a chemical reaction (later named 
enthalpy) 1s always constant no matter whether the reaction takes place 1n 
one or several steps. This soon became known as Hessˆs law, one ofthe 
many eponymous rules that are ubiquItous 1n chemnstry. With the physIcIsts 
enunc1afion of the first law ofthermodynamncs 1t became clear that Hessˆs 
law was simply a consequence of the fact that energy could neither be 
created nor destroyed. 


Chemnists were far slower to adopt the second law ofthermodynamics, 
mainly because they could not understand the concept ofentropy or see how 
1t could be useful to their laboratory practice. This was true even ofthose 
chemists who had the necessary mathematical knowledge to follow 
thermodynamic notation and equations. This was especially the case with the 
remarkable rIgorous mathematical treatment of chemical equilibria made by 
the American physicIst J. WIllard Gibbs (1§39—1903) In the mid-I§70s. His 
three papers laden with 700 equations appeared baffling to ordinary 
chemisfs, and even Clerk Maxwell, Britainˆs øreatest physIc1sf since 
Newton, found them Incomprehensible. However, once the AustrIan phys1cIst 
Ludwig Boltzmamn (1844-1906) had described the motion of gas particles as 
statistical averages 1n the 1870s (statistical mechanics), 1t became easler to 
Interpret entropy 1n terms of disorder. Thus, the higher the entropy, the higher 
the disorder w1thin a molecular system: entropy, then, was the drIvIing power 
of chemical reactions. In the physical changes from solid through liquid to 
øas, entropy 1ncreased as the molecules became 1ncreasingly disordered. 


Textbooks of thermodynamncs suitable for chemists only began to appear 1n 
the 1900s as chemistry departments began to teach mathematics for chemnsts. 
Howevcer, nofatlons, symbols, and positive and neøatIve signs were used 
1nconsistently, and 1t was not until the American chemists Cilbert N. LewIs 
(1875-1946) and Merle Randall (1888—1950) published their text 
Thermodynamics 1n 1923 that cons1stency was established. 


One of theIr Innovations that gave clar1fy to physical chemistry was to 
emphas1ze the Idea ofthe “free energyˆ of chemical substances, that 1s, the 
maximum of work that can be drawn from any chemical process. Free energy 
was not a new 1dea, having been 1ntroduced by GIbbs and others In the 
1870s, but it was Lew1s and Randall who demonstrated how 1t could be used 
to produce a deeper understanding of chemical reactions and produce useful 
numerIcal data. 


In 1909, followIng sugsgestions from German mechamical engineers, the Dutch 
physIcIst Kamerlingh Omnes (1853—1926), who 1s best known for hIs 
liquefaction of helium 1n 1908, sugsested that the portion of free energy that 
could be produced 1n actual chemical reactions, namely the total heat ofa 
substance available between agreed temperature poInfs, should be named the 
enthaipny (Greek, “heat Inside”) ofa substance. The term was not mụch used 
1n chemical literature before the 1950s, by which time the historical ideas of 
chemical afimty had become obsolete and replaced by thermodynamics. 


From the 1960s onwards, thermodynamncs, and the calculations and data 1t 
øenerates, have been presented 1n terms of “the three “e”s”: energy, enfropy, 
and enthalpy——universally symbolized by G (free energy, from GIbbs), S 
(entropy, probably from SadI Carnot, the French engineer who had first 
studied the working of steam engines 1n abstract terms), and H (enthalpy, 


from Hess”s law). 


Periodicity 


The biochemist and scIence writer Isaac Asimov once poinfed out a cur1ous 
parallel 1n the histories of I9th-century Inorgamc and organmic chemistry. In 


both cases chemnsfs seemed to be overwhelmed by theIr materlals. In 
I1norgamic chemnstry there seemed to be too many elemerts, to the evident 
concern of Prout and others; 1n the case of organic chemistry there were foo 
many compounds, as Wöhler implied In his famous remark about the subJect 
being a Jungle. 


Order and coherence was gøIven to organic chemistry by the ideas of valence 
and molecular structure 1n the decades between 1I§50 and I§8§0. In these 
same decades order was g1ven to 1norganic chemnistry by the Germany- 
trained Russian chemist Dmrtri Mendeleev (I834—1907). Both ofthese 
orderings hinged on the recommendation of CannIzzaro at the fIrst ever 
1nternatIonal coneress of chemnsts at Karlsruhe 1n 1860: that all chemnsts 
should accept Avogadroˆs hypothesIs that equal volumes of gases at the same 
temperature and pressure contained an equal number ofmolecules. Accepting 
such a rule provided an agreed list of atomic weights that provided unique 
emprrical formulae for orgamic chemnsts, which could then be used 1n 
determining sfructural formulae, and weIphts that were to produce 
Mendeleevs periodic table. 


Although many precursors had tried to find order among the sixfy Or SO 
known elemerts, 1t was while Mendeleev was casting around for a way of 
structuring a chemnistry textbook 1n 1869 that he hit upon the perlodIc law. 
According to this, when elemenfs are arranged according to the magmitude of 
theIr atomic weIphts, they display a step-like alteration 1n theIr propertIes 
such that chemically analogous elementfs like the alkali metals (lithium, 
sodium, potassium, etc.) and the halogens (fuorine, chlorine, bromnne, 
1odine) falÏ Into natural øeroups. 


Philosophers of chemistry have argued over whether the 1comic per1odIc 
table was accepted because 1t was predictive ofunknown elements or simply 
because 1t accommodated the known elemernfs 1n an elegant and memorable 
way rather like the I Sth-century affimty tables. It was certainly the case that 
chemnsts paid little attention to 1t until Mendeleevs predictlons ofunknown 
elemenfs such as gallium and scandium were substantiated in 1875 and 1879 
respectively. 


SIpnature tunes 


In 1666, Newton made the famous demonstration w1th a prism that whifte light 
consisted of lipht of different colours. It had also been long known, chiefly by 
makers of fireworks, that many salts burned with a coloured flame. However, 
1t was not until the 19th century that serlous aftempts were made to use flame 
colours to 1dentify the presence ofparticular metals or elements 1n a sample 
ofan unknown subsftance. 


It was while exploring the use ofcoloured flames to 1dentify the presence of 
elemenfs 1n springs around Heidelberg that Robert Bunsen designed the gas 
burner that 1s named after him. lt was designed to produce both a non- 
luminous flame for flame analysis, as welÏ as a normal flame for combusftion. 
As a senior professor at Heidelberg, Bunsen was successful 1n persuading 
the Baden governmert to appoInt Gustav Kirchhoff (1824-87) to a cha1r of 
physIcs. It was Kirchhoff who sugsested to Bunsen that he could refine flame 
analys1s by looking at the flames throuph a prism, which would break the 
light Into a characferIstic spectrum. 


The new 1nstrument, which they named a spectroscope, proved to be a 
powerful new analytical 1nstrunent——one that 1n various shapes and forms 
conftinues to be probably the most Important Instrumenf 1n contemporary 
chemistry. When Bunsen and Kirchhoff announced the perfection of the 
1nstrument in 1859, they were able simultaneously to reveal that they had 
detected and 1solated two new elements with 1t: caesium and rubidIum. 
Within five years two other elemerfs, thallIum and 1ndium, had been 
điscovered throuph spectroscopy, and the Instrument also began to 
revolutionIze astronomy and create a new subdiscIpline ofcosmochemnstry. 


lt was now possIble to detect elements 1n the sun, the sfars, and distant 
nebulae, and even to detect the presence ofan unknown elemert 1n the sun 
that the British astronomer Norman Lockyer (1836—1920) named helium1n 
1§68. This was first example ofanalys1s at a distance where the chemist no 
longer directly handled the substance that was being 1dentified. 


The fact that individual elements had such distinctive and offten complex 
spectra—theIr signature tunes——also raised theoretical questlons concerning 
theIr meaning and cause. Once again, Prout's hypothesIs raIsed 1ts head. 
Could one detect patterns of elements of lower atomic weipht 1n the spectra 
of heavier elements, as Lockyer sugsgesfed 1n the 1870s after studyIng solar 
spectra? Were heavler elements disinteprating or “dissoclating' 1nto elements 
oflower atomic weipht 1n the hot atmospheres of the stars? Why, In the 
language of the time, did some lines (the principals) stand out? Why were 
some lines sharper, or more diffuse, than others? (Thịs terminoloøy was to 
continue 1nto 20th-century quantum chemnstry 1n the notation of s, ø, đ, and ƒ 
orbifals.) Were there mathematical patterns to be found 1n the distrIbution of 
spectra among the elements? 


Many bIzarre Pythagorean papers on such topIcs were published, thouph 1t 
was not until a Sw1ss school teacher, Johamn Balmer (1825-98), pointed out 
1n 188S that the first four lines ofa hydrogen spectrum could be expressed In 
a simple equation that linked wavelengths 1n centimetres w1th a constant and 
a simple arithmetical series. This observation, which was clarified by the 
Swedish physicIst Johannes Rydberg (I854_—1919) in 1890, remained a 
Cur1osIfy until other spectroscopIsts, who were exploring the hydrogen 
spectrum 1n the Infrared and ultraviolet, discovered new patterns that 
corresponded to simple varIations ofthe Rydberg formula serIes. 


None of this made mụch sense until the Dane, Niels Bolr (I§8§S—1962), 
building on the simple model of the planetary atom of electrons rotating 
around a nucleus, showed that, when reckoned by the new quantum theory of 
Max Planck (18S58§—1947), the energy lost when an electron transferred from 
one outer orbIf to an inner one would follow a Rydberg serIes. 


In the hands of Bolr, spectra turned out to be expressions of the electromc 
structures ofatoms and molecules. By the mid- I920s, spectroscopy had 
I1nteerated a good deal of physical and 1norganmic chemistry. Using the 
periodic table as his guide, and earlier speculative models of atomic 
structure, Bohr was able to assign orbital structures to each of the known 
elements 1n such a way that provided for the first tme an explanation of theIr 
characteristic valences. Thus the alkali metals In Group I ofthe periodic 


table all possessed a single electron 1n theIr outermost orbits (e.g. lithrum, 
2,1; sodrum (2,6, Ì, etc.), whereas the halogens 1n Group 7 lacked a single 
electron that would complete an orbit (e.øg. F, 2,7; CI, 2,8,7, etc.). The rare 
Øases were Inert because the1r outermost electromc orbits were completely 
filled. 


Ideal øases 


Robert Boyle 1s stilÏ best remembered by the sclentific commumty for hIs 
demornstration that the volume ofa sample ofatmospherIc aIr 1s 1nversely 
proportion to the pressure exerted on 1t. In other words, the volume 
decreases as the pressure 1s Increased. 


Boyleˆs law, as 1t became known, was found to be true for the 1ndividual 
øases as they were 1solated during the I§th century. By the I9th century, 
following the development of mathematical analys1s, 1t was possIble fo state 
Boyle”s law 1n the form of an equation, pv = &, where p and v are the 
respecfive pressures and volumes, and & 1s a constant. Between I780 and 
1802 French experimenfalists also showed how the pressures and volumes of 
øases were dependent on temperature (Charles and Gay-Lussacˆs law)—— 
indeed, 1t was 1ntuitIvely obvIous that gases expanded on heating. In 1832, 
during his 1nvestigations ofthe physIcs lying behind the behavIour of steam 
engines, the French engineer, Emile Clapeyron (1799—1864), combined the 
two gas laws 1nto what became known as the Ideal gas law, pv = &t, where f 
1S the temperature. 


Although Newton had provided a rational explanation of Boyleˆs law In 
terms ofrepulsion between the particles that made up a volume of alIr or a 
øas, 1t was not until the 1850s that a sophisticated kinetic theory of gases 
emerged In the hands of Clausius. By Imagiming the particles of gas to be In 
motion, he suggested that temperature was purely a function of the kinetic 
energy ofthe collective particles, and by using data published by the French 
experImental chemist HenrIi Regnault (I8 10-78), he formulated what he 
described as the general equation for an 1deal gas, pv = t, where t 1s the 
temperature expressed 1n the absolute temperature scale that had been 


sugøesfed as a standard by the Glaswegian physicIst WIlliam Thomson 
(1824-1907) some years before. (He gave the symbol ® for the gas constant 
both In tribute to Regnault and to Clapeyron, who had already used the 
symbol to stand for ra//o.) 


The gas analogy 


The effects of passing an electric current throuph a solution (electrolys1s) had 
1ntrigued chemisfs ever since Alessandro Volta (1745—1827) described the 
properties of his battery 1n I800. Electrolysis had led to the development of 
Berzelius” overarching electrochemnical theory that dominated 1norgamic and 
Organic chemistry until the 18505. 


What exactly happened during electrolysis was the subJect ofone of Michael 
Faradayˆs most Important Investigations during the 1830s. Faraday (1791— 
1867) was the first chemnst to subJect electrolys1s (a word coIned on 
Faradayˆs behalfby the Cambridge polymath, WIlliam Whewell, in 1831) to 
quantitative 1nvesftIgation by establishing that the amount ofa chemical 
compound that was decomposed 1n solution was directÌy proportional to the 
amourt of electricIty that was consumed. Thus, when copper sulphate 
solution was subJected to a current of electricIty, the amount of copper 
deposited at the cathode (Faraday”s term for the negative end ofa cIrCuIf) 
depended on the amount of electrIcIty consưmed. 


By comparing the weights of electrochemical deposits produced from the 
same amount of electricity, Faraday was also able to show that they were 1n 
the proportion of theIr equivalent or atomic wetIphfts. This øeneral1zation not 
only gave a new way of determining equivalent weights, but confirmed that 
the nature of mafter was 1ntImately connectfed to electricIty. Follow1Ing 
Berzeliusˆ theory of salts, Faraday also supposed that the current dissocIated 
the molecules ofcopper sulphate Into positively charged copper and a 
negatively charged “sulphate” group. Adopting Whewell”s sugøestions, he 
named these charged molecules 7øzs, and a#ons and cafions according to 
whether they were posItively or negatively charged. There was no 
assumption that these Ions were already present In the solution. 


During the 1850s, ClausIus, as a result of his development ofa kinetic theory 
Of gases, sugøesfed that In both the liquid and øgaseous states, molecules 
continually bombarded one another and exchanged posItIons. In asserting this 
he drew upon Williamson”s work on ether1fication, in which radicals 
changed position 1n double decompositions. Claus1us was the first chemical 
physIcIst to suggest that there was a partial dissoc1ation and 1onization of 
electrolytes. 


FollowIng his brilliant demonstration that stereoIsomers 1n organic chemIstry 
depended upon the fact that organic øroups were arranged around a 
tctrahedron, van ˆt Hoffturned his attention to physical chemistry and the 
age-old problem ofaffimty. Was there some way to measure Íorces of 
affimty? Perhaps afimty was related to osmotic pressure——the force that had 
to be applied to prevent a solvent from diffusing through a membrane. 
Botamsts, who were naturally Interested 1n osmosIs as a phenomenon of 
plant life, had prevIiously developed a convemient apparatus for determining 
Osmotic pressures, and van ˆt Hoff set about using membranes to measure the 
affimty that salts had for water——the water of crystallization of solid salts. 


It was while makIing his measuremerfs that 1t suddenly struck the Dutch 
chemnst that there was an analogy between osmotIc pressure and the pressure 
comporert ofthe Ideal gas equation. Whereas 1n the øaseous sftafe pressure 
was 1nversely proportional to the volume, 1n the case of solutions the osmofIc 
pressure was directly proportional to the concentration of solute (that 1s, 
1nversely proportional to the volume). It followed that osmotic pressure 
obeycd the gas law pv = nÈt (where n 1s a measure ofthe number of 
molecules present), and that at equal osmotic pressure and temperature, equal 
volumes of solutions conftain an equal number ofmolecules——exactly the 
same number which, at the same temperafure and pressure, 1s contained In an 
equal volume of gas. [fthis sounds suspIcIously like Avogadro”s hypothes1s, 
1t 1s, and the analoøy between the behaviour ofa perfect gas and the solute 1n 
a đilute solution was complete. 


Further experimerfal results showed that there were considerable deviatlons 
from the gas law unless the dilution was øreat enouph for the volume 
occupIed by molecules to be 1gnored. Even then, Inorgamc salt solutions 


gave much higher readings of osmotic pressure than the gas law predicted. A 
similar disparity had been noticed 1n measurements of freezIng poInt 
depressions when 1dentical amounts of different salts were added to water. 
Undismaycd, van ˆt Hoff?s solutIon was to add an emprrical correction 
factor, 7, into the gas equation, pv = 7t. CurIously, 1t seemed that the ¡ factor 
always had to be greater than one; for example, in hydrochloric acid 1t was 
1.98, and for sodIum sulphate 1.82. These findings and suggesflons were 
published in I§§Š and noticed by a young Swedish doctoral student. 


lonic theory 


Svante Arrhemus (1859—1927) was the son of an estate manager, born at 
WIJk near Uppsala, Šweden. He read chemistry and physics at the local 
univers1ty before studying the properties of electrolytes at the Universify of 
Stockholm for his doctorate 1n 1884. The thesis was not well received, 
making 1t difficult for him to obtain an academic appoIntmentf for some years. 


In 1§87 he developed the đissoclation theory. According to this, na weak 
electrolyte, molecules were already đissociated (1omzed) before a potential 
difference was applied to them. The theory, according to which dilute 
solutions obey a general gas law, pv = 7t, where 7 1s a measure Of 
đissocIation, tied 1n beautifully w1th van ˆt Hoffˆ”s views on osmotic 
pressure. Together Arrhemus, van ˆt Hoff, and the German WIlhelm Ostwald 
(18§53—1932) launched the Zeischrf fuir physikalische Chemie 1n 1887. 


Despite difficulties w1th strong electrolytes (whose behaviour was not 
satisfactor1ly explained until the 1930s), the 1omic theory found rap1d use 
among chemists and biochemnsts. In S89 Arrhemus applied van ˆt Hoff”s 
equation for the temperature dependence of chemical equIlibr1a to the 
kinetics of chemncal reactions, showing that reactivity depended upon what 
he called “activation energyˆ. The notion that molecules require a certain 
critical energy to react has proved fundamerftal In understanding reaction 
mechanisms within Ïiving systems. 


Arrhenmius was awarded the Nobel Prize In Chemnstry 1n 1903 for his theory 
of electrolytic dissocIation, which also enabled biochemnsts to develop the 
pH scale ofhydrogen concentration and to understand how living tissues 
“bufferedˆ themselves agaInst excessive acidity or alkalimty——the bas1s of 
homeosfas1s 1n living systems. Arrhenius became an 1nternational figure 1n 
sclence. His originality lay 1n an ab1lity to move between fields on the 
boundarIes of esfablished disciplines——something that many later chemists 
proved good at. 


Kinetics 


In his dispute with Proust at the end ofthe I§th century, Berthollet had argued 
agaInst compounds beIng formed 1n defimte proportions on the grounds that 1f 
One reacfant was present 1n øreafer amounts 1t would inevitably combine with 
the other reactant In variable amounts. What Berthollet was thinking was that 
the respectfIve masses ofreactants were bound to affect the course of 
combInation. In the I§50s this law of mass action was taken up by 
WIlliamson, who suggested reactions were frequently In dynamic equIlibr1un 
—In which case, 1f one reactant was Increased 1n concentration the overall 
reaction would shift 1n a particular direction. 


Thịs concept was explored by a Norwegian chemnst, Cato Guldberg (1836— 
1902), and his mathematical colleague, Peter Waage (I833—1900), in 1§63; 
they expressed WIlliamson'”s 1dea 1n terms ofthe concentrations of the 
reacfanfs and the speed of formation ofproducts. Ifthe forward reaction was 
twIce as fast as the reverse reaction, the equilibr1um was far to the right; 
conversely, 1f the reverse reaction was twIce the rate of the forward reaction, 
the equilibrrum would shift to the left. In both cases the rates depend solely 
on the frequency of col]ision between molecules. By making the 
concerfration of the reactants øreater, the forward rate would 1ncrease. 


Guldberg and Waage showed, using square brackets to represent 
concerfrations, that [C][D] divided by [A][B], which represent the 
concerfrations of the reverse and forward reactions respectfively, w1ll be a 
consfant they named as the equilibrIum consftant. This constant came to play a 


maJor role 1n understanding chemical kinetics and the mechamisms of 
chemical reactions. However, because they wrote 1n Norweglan 1t was not 
until the 1880s that their work became noticed and utilized. 


The changing laboratory 


The principal problem presented by chemical work 1s fatrly obv1ous. 
Chemists produce obnoxIous and sometimes dangerous fumes (British school 
children have micknamed 1t “stinks” ever since the 1870s). Laboratory 
atmospheres need ventilation beyond that supplied by open wIndows. The 
latter might sufflce for one experIimerter, but not for a gathering oftwenty to 
thirty students. 


Prior to the 1860s, the usual way of dealing with these ventilation problems 
was either (as Liebig did) to use window ventilation backed up by chinney 
hoods, or to put a laboratory 1n the basement adJacent to the main drains and 
chimney (as at the Royal Institution and, later, at the Pharmaceutical SocIety). 
The Pharmaceutical SocIetyˆs laboratory (1842) was actually built 1n the 
back garden ofa house 1n Bloomsbury Square, w1Ith skylights and sliding 
vents leading to the main chinney where evaporations could be conducted. 
Drains from the sinks led directly Into the town sewers. Hydrogen sulphide 
øas was also on tap and 1n 1ts own ventilation shaft. 


The SocIetyˆs design worked well enouph for the chemnsfs 1n 1t, but drifting 
smells made life uncomfortable for those In the rooms above. Consequently, 
1n the 1860s the laboratory was moved to the top storey ofthe building, and 
where there were laboratories for several scIentific disciplines this became 
the preferred solution: put the chemisfs next to the sky! Even so, by the I§70s 
1t was clear that more powerful ventilation systems were necessary, and 
using electric fans on the roof that sucked aIr throueh the ventilation shaffs 
solved the problem. Ventilation hoods, sand baths, dryIng ovens, and water 
supplies for filter pumps became essential design specIfications (see FIgure 
14). 


The rise of physical chemnstry at the end ofthe 19th century brought further 
changes to laboratory desIgn. Instruments and techniques such as ultraviolet 
and 1nfrared spectroscopy, spectrophotometers, X-ray cameras, mass 
specfrometers, and chromatography began to offer new, simpler, and faster 
methods of analysing mater1als and directly assigning a sfructure to them. 
Such physical methods had completely replaced wet and dry methods of 
analysis by the 1960s, so that today the traditional laboratory bench of 
Liebig”s and Kolbe”s time has lost 1ts scaffold ofreagent shelves and 
refurned to a table-like appearance. 
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14. Birkbeck Laboratory at University College London. The foreground 
area was mainly used by University Colleøe School for demonstrations. 
Erom a lithograph of 1875. 


The Inert øases 


The unexpected điscovery ofthe so-called rare or Inert gases by the physicIst 
Lord Rayleigh (1842—1919) and the chemist William Ramsay (1852—1916) 
1n the 1890s, and Ramsays placement of them In the periodic table as a new 
øroup, also did much to substantiate the usefulness of the periodic law. 
SerIous puzzles remained of course, notably where to place the large number 
of so-called rare earth elements (lanthamdes) which had virtually identical 
properties. AÁ solution had to awalIt new 1nsIphfs 1nto the structure of the atom 
that the discovery of X-rays, radIoactivifty, and the electron produced from 
the 1890s onwards. 


Despite attempts by Ramsay and many other chemnsfs to form compounds 
with the rare øgases, they remained obstinately Inert. Hitherto all elements and 
compounds known to chemnsts displayed transformations and transmutations, 
but these øases were totally unreactive. Chemists were, of course, famillar 
with the relative Inertness ofmtrogen as a gas, or øgold and platinum among 
metals, or the paraffins among organic compounds. But øIven a hammer blow 
from heat, electrIc1fy, or pressure, such substances were aÌlways 
transformable. 


Argon refused to react no matter what physical conditions to which 1t was 
subJected. To make matters worse, when 1fs specIfic øravify was determined 
1t was clear that arøon was monatomc, unlike any ofthe common elementary 
gases. The explanation for the Inertness of argon and 1†s congeners was 
forthcoming only when Bohr developed the model of electromc shells In 
which the Inert gases had full complements of electrons 1n theIr oufer shells. 
As Linus Pauling (1901-94) pointed out in 1932, this completeness need not 
necessar1Ïy prevent compound production 1f an 1nert gas was reacted with a 
sufficiently energetic reactant such as fuorine. Curiously, Paulingˆs 
observation went unheeded and the first of the Inert gas compounds, xenon 
fluoride, was not prepared until 1962 by Niels Bartlett (1932—2008). 


Social chemnsfts 


Despite the lead shown by first France and then Germany 1n the development 
of chemistry 1n the early 19th century, 1t was the British who first orgamzed 
chemnsfs 1nto a Chemical SocIety. The London Chemnical SocIety (now the 
Royal SocIety of Chemnistry) was formed 1n 1841, largely 1n response to the 
development of chemistry on the continent and the feeling that British 
chemists were being left behind, particularly 1n organic chemnstry. The 
French followed 1n 1857 with the Société chimique de France. Ôn his 
appoIntmert to a chaIr at the University of Berlin in 1865 Hofmamn, who had 
been the leading light of the London Chemical SocIety, organmized the 
Gesellschaft Deutscher Chemiker. Other countries followed swIffly, the most 
1mportant beIng the formation ofthe American Chemical SocIety 1n 1876 as a 
result of an earlier commemoration of Joseph Priestley at his former home 1n 
Pemnsylvama. 


Each of these organizations began to publish proceedinøs and transactions 1n 
their own Journals which, 1n turn, helped to forge natIonal chemical 
commumfies, so that by the I§S0s there was a proliferation of literature for 
the chemnst to follow 1n a varIety of languages and In a varIefy of 
specIalisms. Abstracts and translations became necessary, as welÏ as guides 
and surveys to what had been already published, such as the serialized 
handbooks of Gmelin and Beilstein (see Chapter 4). 


International meetings of chemists, made possIble by the transformation of 
transport that decreased the tyranny of distance, were 1mtially held to decide 
upon standards. These began in I§58 when Kekulé and others called 
chemnsts to Karlsruhe to adJudicafe on standards for atomic weights, and this 
was followed by the meeting 1n Geneva 1n [892 to formulate rules for 
orgamic nomenclature (Chapter 4). 


The relentless 1ncrease 1n spec1alization soon led to conferences arranged 
around particular subJects within the categorIes of analytical, Inorganc, 
orgarmc, and physical chemnstry. For example, in 1923 the Faraday SocIety, a 
socIety spec1al1zIng 1n physical chemnstry founded 1n London 1n 1903, held a 
meeting on the electromc theory 1n chemistry. Overseas study, travel to 
conferences, and soc1al1zing 1n different academnic and 1ndustrial contexts, 
meart that 20th-century and contemporary chemnists form what the Swedish 


historian Staffan Bergwlk has called “capillary networks throuph which the 
physical sclences mierate throuph laboratorIes, universifIes, academies and 
1ndusfrIes”. 


In answering the questions “ What changes In a reaction?'ˆ, “ˆHow fast do 
changes take place?”, and “How complete are the changes?ˆ, physical 
chemists made chemistry mụch more mathematical. This was the first of many 
substantial alterations that the discIpline of chemnstry underwert as the 
subJect moved 1nto the 20th century. 


Chapter 6 
Svnthesis 


The shape and scale of chemnstry was shaken by a serles of transformations 
1n the 20th century: two world wars; a shift from coal to oIl as the feedstock 
for chemnical 1ndustry; the Introduction ofphysIcal 1nstrumenfation, quantum 
mechamics, and electromc theories; and the orgamzation ofacademia and 
I1ndustry to create Big Sclence as opposed to the more 1ndividualized 
research of prevIous cenfur1es. 


nderlying these Important changes was the theme of synthes1s of natural 
chemicals and the creation of artificial materials. Accompanying the 
transformations that the discipline of chemistry underwent, there was a shift 
from European dominance ofthe subJect to the US and, from the 1960s 
onwards, the emergence ofnew centres ofresearch 1n the SovIet Union, 
Japan, and China. Closely connected with this globalization was the 1mpact 
oftwo world wars and the so-called “Cold Warˆ, which effectively made 
research sponsored by governments and the milItary the paymasfters of mosf 
chemical work Just as 1t did In the world of physIcs. 


Another dramatic change was that what had been a male-dominated 
profession saw women engaøe w1th chemistry 1n ever 1ncreasing numbers. 
Within chemical practice 1fself, there was an 1nstrumental revolution after 
1950 which saw the virtual disappearance of dry and wet analyses and theIr 


replacemert by electromc machinery; by the same token, the way that 
chemistry was taupht and the way textbooks were wrI†ten were necessar1Ìy 
transformed. 


Finally, although historically chemnistry had always had a close affiliation 
with pharmacy and medicIne, the subJect made a decided shift towards the 
biological scIences after World War II, as well as becoming what some 
commerntators have seen as a service scIence to other areas ofthe physical 
scIences as the neologIsms astrochemnstry, øeochemnstry, and mater1als 
sclence may 1mply. To others, however, this was seen as the 1nfiltratlon of 
chemnstry 1nto the other scIlences and chemistry becomnng the fundamerntal 
basis——the central sclence——for the study of nature. 


The begInnings of organic synthesIs 


Alchemnsts, chymists, and chemists have always been 1nvolved 1n Imitating 
and 1mproving nature. According to the OED, the first recorded use of the 
term synfhes¡s occurred In the lectures of Peter Shaw, an English NÑewtomian 
lecturer and disciple of Boerhaave. LavoIsIer successfully analysed and 
synthesized both “atrˆ and water. He commerntcd 1n his E/emenfs oƒ 
Chemisfry (17790) that chemisfs must never be satisfied that they know the 
composItion ofa subsfance unless 1t has been both analysed and synthesized 
——something that was 1mplicitly buiÏt into the 1 8th-century tables ofaffimty. 


By the beginning ofthe 19th century the classification of materlals as ammal, 
vegetable, and mineral had become simplified Into the duality of 
mineral/Inorgamic and orgamc/orgamized. Wöhler ˆs artificial preparation of 
urea (see Chapter 4) confirmed the phenomenon of1somerIsm and that 
Orgamic compounds obeyed the same Daltonmian laws and that the1r 
consfruction was possIble. 


But how could the chemnist determine the ways 1n which atomic arrangemerfs 
differed In 1somers and 1n orgamc compounds øenerally? The answer was 
through zm„efamorphosis, or the analys1s of degeradation oforganic compounds 
1nto simpler products whose compositions were known with some certaInty. 


Thịs 1s why many earÏy papers on organic compounds are entifled “on the 
metamorphos1s ofx, y, z, etc.ˆ In effect, chemnists used the term 
metamorphos1s 1nstead of synthes1s and hoped that the 1solation and 
1dentification of common (or very similar or related) degradation products 
would lead to an understanding of parental composItion. 


Liebig and his school at Giessen became masters of this form of “analytical 
synthesis” or “synthetical experImernfts” by exploiting the accurate quantitatIve 
analyses made possIble by the Ka/7apparaf, improved purification 
technmiques, and the Pythagorean possIb1litiles of paper chemnistry based on 
stoichiometric deductions. The task facing chemists was challenging. The 
emprrical formula of quinne C›oH›xN;O› tells one nothing about how the 


atoms are arranged; 1t 1s like being told to find an 1ntelligible word (quinine) 
made up of the letters NzQEUI. 


By the 1830s, however, chemnists had Berzelius” electrochemical theory and 
Gay-Lussacˆs concept ofradicals to guide them. By using emprrical 
molecular formulae, the analys1s of decomposition products, and radical and 
electrochemncal theorIes, Liebig and his successors——notably Hofmamn 
working 1n London at the Royal College of Chemistry——began to deduce 
composItional arrangemerfs. For example, the metamorphoses of 
benzaldehyde and uric acid suggested that the radicals 5enzoyle and uril 
provided a common constitutional arrangement. Liebig and Wöhler ˆs one 
hundred-page, 1838 paper on uric acid 1dentified some sixteen new 
der1vatIves. 


Such successes led Liebig and Wöhler to announce boldly in 1838 that: 


The production of all orgamc substances no longer belongs Just to organisms. Ít must be viewed 
as not only probable, but as certam, that we shall produce them mì our laboratorles. Sugar, salicm, 
and morphine wIll be artificially produced. Of course, we do not yet know how this goal can be 
achteved because we do not yet know how the precursors out of which these compounds arise. 
But we shall come to know them. 


In London, Hofmamn laid down a vocabulary ofreagenfs and reactions that 
enabled chemnsts to be more confident about arrangemenfs ofatoms w1thin 
molecules. In a paper on toluidine, published 1n 1§43, Hofmamn declared that 


the time was drawing near when the Information gleaned from 
metamorphoses and analytical experiments would be sufficient to enable 
chemnsts to construct valuable commodities like quinine. Naphthalene (he 
poInted out 1n 1849) 1s abundantly available from coal gas production and 1s 
easIly transformed 1nto an alkaline base, naphthalidine, C„oHeN [C=ó, 0=S]. 


But 1f quinne was CzoH¡¡NO›, the sole difference was two equivalents of 


water [HO]. Hofmamn was not so naIve as to hope that adding water would 
achieve a synthesIs; 1nstead he forecast that eventualÏy an appropr1ate 
metamorphic reaction would be discovered. 


With asptrations such as these pervading the laboratory at the Royal College 
of Chemnstry, 1f 1s scarcely surpr1sing that I§-year-old William Perkin 
(1838—1907) should attempt to transform allyltoluidine 1nto quimne 1n 1856 
by removing hydrogen and adding oxygen. When this experimert failed he 
tried amiline 1nstead, and serendipitously created the British dyestuffs 
industry with the beautiful mauve dye that resulted. Hofmamn was to follow 
suIt on his return to Germany In 1§65 and create the complementary and 
evertually world-leading German 1ndustry. 


Frankland recogmized that the organometallic compounds he had prepared 
would be powerful atds to synthesIs, by which he meant the chemnistf”s abil1ty 
to build up new compounds “stone by stone” w1th a view to understanding 
theIr atomic configuratlons. His German friend Kolbe had already shown 1n 
1845 that there really was no difference between 1norganmic and simple 
Orgamic compounds, by acciderfally constructing acetic acid from 1†s 
elemenfs via carbon disulphide and tetrachloroethylene 1ntermediates. 
Between I8§63 and 1870 Frankland exploited zInc ethyl and other orgamc 
reagers, including ethyl acetate, 1n the construction ofethers, and 
đicarboxylic and hydroxyl acids. This meticulous work revealed clearly the 
structure and relationship of these commpounds, while 1ts methodology had 
øreat bearing on the ørowth ofthe chemical 1ndustry. 


In determining chemical structures, chemists soon became adept at 
manipulating molecules by using reactions that followed regular patterns. For 
example, to Increase a carbon chan by two atoms of carbon, two different 
aldehydes (CHO øgroup) are heated together 1n the presence ofa sodIum salt 


ofa fatty acid; the two aldehydes JoIn together w1th the elimination ofwater. 
This became known as Perkin”s reaction or condensation, affer 1t was 
devised by PerkIn to make cinnamic acid. Hofmamn devised a reaction 
whereby a ring compound contaIning mtrogen could be sprung apart to form 
an open chan, and this became known as a Hofmamn degradation. By the 20th 
century, orgeanic chemists were taupht and memor1zed hundreds of these 
“named reactions”, all of which could be exploited 1n planning syntheses. 


By 1860, Marcellin Berthelot felt able to publish a book entitled C»imie 
organique ƒondée sur la synfhèse and to lay down rules for the progressIve 
synthesis oforganic compounds from first princIples by “the sole aid of 
chemical means" (1.e. no vital forces were 1nvoked). However, his yIelds 
(like those of Kolbe before him) were r1diculously low and 1t took another 
decade of structural modelling, laboratory building, and the development of 
new ølass apparatus and experImental techniques before the hopes and 
dreams of Liebig, Hofmamn, and Berthelot concerming useful (and Industrially 
exploitable) synthetic pathways began to be fulfilled. 


The first half of the 20th century was domnnated by the determination of the 
structures and synthesis of naturally occurring compounds for which the 
Nobel Prizes 1nstituted in 1901 were frequently the reward. Two 1mportant 
exemplars were the German chemnsts Baeyer and FIscher. The son ofa 
Prusslan military officer, Adolfvon Baeyer (1835—1917) was born 1n Berlin 
and studied chemistry w1th Bunsen and Kekulé at the University of 
Heidelberg. He taught orgamc chemnstry 1n Berlin and Strasbourg before 
succeeding LIebig at the University of Munich in 1873, where he spent the 
rest of hIs career (see FIgure 15). 


In 1905 he was awarded the Nobel Prize in Chemnstry for his 1880 synthes1s 
of the natural dyestuff, indigo. The synthesis, which was subsequertly scaled 
up commercially by the Badische Amilin- und Soda-Fabrik (BASE), 
destroyed the economy of agrIculturally produced Indigo and confirmed the 
abil1ty of orgamic chemisfs to synthes1ze natural products. 


Baeyer 's pup1l, Emil FIscher (1852—TI919), held chaIrs at the universifIes of 
Erlangen and Wurzburg, before spending the remainder ofhis life from 16892 


at the Unversity of Berlin and the newly established governmerf-funded 
KaIser Wilhelm Institute. FIscher extended the work of Baeyer by the 
synthesIs of complex organic compounds that enabled him to establish the 
exactf consfifutions and structures of sugars, enzymes, purines, and profe1ns. 
He thereby laid the chemical foundations for biochemnstry and the study of 
macromolecules, and established a methodology of degradation and synthesIs 
1n natural products chemistry that remained 1n use until the 1950s, when 
physical and Instrumertal methods of structure determination became firmly 
established. 





15. Adolf Baeyer with his Unive rsity of Munich students in 1877. 


His “lock and key” model ofenzyme action was announced 1n 1894 and 
proved extremely fruitful. In 1§97 Fischer established that biologically 
1mportant molecules such as urIc acid, xanthine, adenine, and guanine were 
related to a heterocyclic mtrogenous base he named purine. Subsequertly, he 
synthesized many purines, including the barbiturate that was exploited 
commercially as Veronal. From 1899 onwards Fischer turned to the structure 


Of proteins, showing them to be composed from amino acids ørouped In 
polypeptide chaIns. By 1916 he had synthesized over a hundred 
polypeptides. 


FIscher was the first German to be awarded the Nobel Prize in Chemnstry 1n 
1902—n recogmition of his syntheses of sugars and purines. WIth his black 
beard and pInce-nez, FIscher was an awesome figure 1n the laboratory which 
he ruled like an army general. HIs over 350 research studenfs Included the 
chemistry Nobel Prize wInners, Fritz Pregl (1923), Adolf Windaus (1928), 
Hans Fischer (1930), and Otto Diels (1950); and for medicIne, Karl 
Landsteiner (1930) and Otto Warburg (1931). Despite 1lI health caused by 
the dangerous chemicals he worked with, he was an active patriot during 
World War L, organizIing Germanyˆs chemical and food supplies. His 
đisillusionmert following the death oftwo ofhis sons on the battlefront 
caused his suicide 1n 1919. 


The American Robert Woodward (1917-79), working at Harvard, was the 
most prominernt synthes1zer 1n the mid-20th century (see Figure 16). He 
triumphantly synthesized quimine (1944), cholesterol and cortisone (both 1n 
1951), chlorophyll (1960), and vitamnn B¡› (1976). Iromcally he was fo 


receive the Nobel Prize 1n 1965 not for synthesIs, but for his deduction of 
rules derived from quantum mechamics concerning the conservation of orbital 
symmetry. This demonstrates the way physical chemnistry had transformed 
organmic chemnstry since the 1930s and deeply affected the way viable 
synthetic pathways were soupht by organic chemnsfs. 


'Woodward”s European rival was the Glaswegian, Alexander Todd (1907— 
97), who was awarded the Nobel Prize in Chemnistry in [957 for his 
elucidation of the structures and syntheses of nucleosides, nucleotides, and 
theIr co-enzymes, as well as the related problems of their phosphorylation. 
This work was a necessary preliminary to the elucidation ofthe structure of 
DNA by the non-chemnists James Watson (a zoologIsf) and FrancIs Crick (a 
physIcIst) in 1952. Todd also worked extensively on adenosIne triphosphate, 
vifamnn B¡›, and other natural producfs, Including plant and 1nsect pIpgmens. 


A towering physical presence 1n organic chemistry, he was mcknamed “Lord 
Todd Almiphty'. 


These triumphant structural determinations of natural products were 
surpassed by the ability of 20th-century chemnsts fo create new, unnatural 
substances, beginning w1th plastics and resins, and polymers such as rayon 
and nylon. On the other hand, the ability to synthesize a molecule was not 
necessar1ly useful. For example, amid wartime pressure to treat dangerousÌy 
infected wounds, BrItish chemists made great efforts to synthes1ze penicillin, 
the first of the antibiotics, but 1t proved too đifficult to scale up production; 
1nstead penicillin was manufactured by culturing the mould directÌy, as were 
other antibiotics whose structures were known such as streptomycin and 
tetracycline. This refashioned brewery technology soon became known as 
biotechnoloøgy. 


Chemnstry, as the sclence oftransmutations and substitutions, turned the 
natural world upside down. The Imitation of nature led to the possIbIl1ty of 
breaking with Nature and surpassing 1t to form an artificial world. However, 
none ofthis would have been possible wIthout the physIc1sfs” analysis of the 
deep structure ofthe atom that had begun at the end ofthe 19th century. 
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16. Robert Burns Woodward (1917-79), America”s mosf successful 
0rganic che mist. 


The electronIc age 


Research In the I9th-century on the conduction ofelecfricity was marked by 
a serles ofbrilliant and Intensely vIisual InvestIgations by German and British 


experIimentalIsts. The two mosf outstanding 1nvestigators were Johamn Hittorf 
(1824-1914) and William Crookes (1832—1919), whose research was made 
possible by the Innovations and 1mprovemerfs 1n ølass blow1ng and vacuum 
pump technology 1nstituted by the Bomn 1nstrumenf-maker, Johann ŒeIssler 
(1815-79). 


Hittorf, a physical chemnst, Investigated how gas spectra altered under 
changIng pressure. It was during his experIments to map øgaseous dIschargøe 
and to quantify the variation of electric force and temperatures that he 
điscovered shadows on the phosphorescent patches glowing on the dIschargøe 
tubes. From this he Inferred that ions were emitted from the cathode, though 
he left 1t to others to develop the notion of cathode rays. 


By then (1879) Hittorf?s work had been completely overtaken by Crookes, 
who had approached gaseous discharges from a completely different 
đirection, namely the puzzle of what went on Inside a discharge tube. 
Ge1ssler ˆs technique for evaluating the quality ofa vacuum by residual glow 
during conductiv1ty encouraged Crookes to 1nterpret his work as evidence for 
a fourth state of matter he called “radiant matterˆ. The Crookes tube, as hIs 
form of discharge tube became known, not only allowed Conrad Röntgen 
(1845—1923) to uncover X-rays 1n 1895, but paved the way for J. J. 
Thomson”s postulation of the electron 1n 1897, thus opening the way for 
models of the atom 1n terms ofa nucleus surrounded by electrons. 


Once Thomson had shown that the electron was a subatomnc particle, he 
spent a decade 1nvesftigating heavier posItive particles that were also 
produced during the discharge of electricity throuph øgases. Together with his 
assistant, Francis Aston (1877—1945), in 1912 they constructed a mass 
spectrograph, using a camera to record spectra. The posItive ray spectra 
produced 1n this machine proved to be a superb way of1dentfifying and 
đistinguishing 1ons and the different 1sotopes ofelements. With many 
1mprovements over the next fifty years, the mass spectrometer (as 1t Was 
renamed) became a maJor analytical tool not only for chemnsts but 1n almost 
every area of sclentific and 1ndustr1al actIvIty. 


One of the anomalies Mendeleev had to deal with 1n the periodic table were 
“palr reversals°, where a øroup ofelemenfs with similar properties contained 
an element wIth an atomic weIpht that was hipher than the element that 
followed In the atomic weight sequence. For example, the atomic weights of 
tellurrium and 1odine were 128 and 127, but 1f1odine was placed before 
tellur1um 1n the periodic table 1t would be displaced from the halogen Group 
7 where 1t clearly belonged. To Mendeleev this suggested that the atomc 
weIpht oftellurIum was probably 1ncorrect. 


The reason for paIr reversal only became apparent when knowledge of 
1SOfOpes was suggesfed by Frederick Soddy (1877-1956) In 1912. Some 
elemenfs such as tellurrum possessed up to halfa dozen 1sotopes, Including 
an abundant one ofmass I28. This mass had the effect of creating an average 
atomic weipht øreater than that of1odine which has only one 1sotope of mass 
127. 


Around the same time the Oxford physicist Henry Moseley used the 
frequency of the most 1ntense line 1n an element”s X-ray spectrum to show 
that there was a more fundamerftal way of ordering elements, namely the1r 
atomic number or the size ofthe nuclear charge. Moseleyˆs work, coupled 
with that of Soddy and Aston on 1sotopes, revealed the reason for reversal 
anomalies in Mendeleev”s perIodic table. Before his untimely death at 
Gallipoli in 1915, Moseley also demonstrated the probable exIstence ofa 
number ofundiscovered elemernts, which were gradually identified over the 
following decades. 


With his first Instrunent Aston was able to announce that neon was a mixfure 
Ooftwo I1sotopes; and within a few months he had analysed a sufficIent number 
ofother elements to be able to announce a “whole number rule” according to 
wlhich, 1ƒ atomic masses were calculated with respect to oxyøen (mass 16) 
then they were all Integers, Just as Prout had sugsested. He concluded that 
atomic weIphfs determined by chemical methods were merely “fortuiftous 
statistical effects” caused by the relative quantities of the 1sotopIc 
constifuents. In the case of neon, the relative abundances of NeZZ and Ne”? (a 
nomenclature 1ntroduced by Aston) produced a non-Intepral atomic weight of 
20.1. Was Prout”s hypothesis true after all? 


The problem here was that hydrogen was anomalous. With a mass number of 
1.008 1t dịd not obey the whole number rule. The solution was found 1n 
EInsteins special theory of relativity and the famous equation linking energy, 
mass, and the velocity of liphí: e = mc2. The American maverick chemist, 
WIlliam Harkins (1873—195T), suggested In 1915 that atoms mipht be 
considered to be helium 1ons (nucle1) surrounded by electrons. The helrum 
“atoms” were so closely packed together In elementary atoms that they lost 
mass 1n the form of energy. 


Aston se1zed upon this packing concept in 1920 to explain the hydrogen 
anomaly, but used Proufˆs original idea of hydrogen atoms forming other 
elemerts rather than helium. Suppose elements were constructed from 
hydrogen atoms of1ndividual mass 1.008. Mass was only additive, he 
argued, when nuclear charges were relatively distant from one another. In the 
case ofatoms other than hydrogen, mass was lost within the atom 1n the form 
ofa binding energy as the 1ndividual atoms of hydrogen were squeezed or 
packed together. 


As Aston slowly Improved the accuracy and sensifivity ofthe mass 
spectrometer throuph the 1920s, 1t became apparent that the whole number 
rule was not exact and that there were many deviations. Aston codified these 
deviations by defining a new function called the “packing fractionˆ, defined 
as the divergence of an atomic mass from a whole number divided by 1s 
mass number. By plotting these fractions against mass numbers Asfon 
obtaIned a simple curve, which threw 1mportant light on nuclear abundances 
and stabilities. The packIng fraction, along w1th atomic mass and atomic 
number, soon becarme the three defining atormc constants for both chemnsts 
and physIcIsts, and Aston was awarded a Nobel Prize 1n 1922 for his work 
on 1sofopes and the whole number rule. 


Making organic chemnstry physIcal 


Althouph 19th-century organic chemistry became a coherent subdiscipline 
based upon knowledge ofbonding and structure, and Inorgamic chemistry had 
come to order throuph the periodic law, chemistry remaIned essentially an 


emprrical science ofanalysis and synthesis based upon centurIes-old 
techniques of extraction, distillation, etc. It was for this reason that Ernest 
Rutherford could dismiss chemisfs as mere stamp collectors compared to 
physIcIsfs like himself, who were “true” scIentists. Ironically, this was fo 
change largely because of Rutherfordˆs own work 1n revealing the structure 
ofthe atom. Atomc structure explained why the periodic table worked, as 
well as introducIng new 1deas concerning why organic reactions proceeded 
1n the way they dd. 


Three Important innovators In physical organic chemistry were the two 
English chemnists, Arthur Lapworth (1872—1941) and Christopher Ingold 
(1693—1970), and the AmerIcan Louis Hammett (1894—1987). Lapworth was 
the transitional figure who linked 19th-century structural theory w1th models 
of electronmic valence. Interestinegly, Lapworth married one of three musically 
øifted sisters who each married a chemist—the other two married the organic 
chemist, W. H. Perkin Jr (1S60—1929), and the pioneer of silicon chemnstry, 
Frederic Kipping (1§63—1941). The marrlages are a reminder that chemists 
are often found to be talented musIcally, the most famous example being the 
Russian orgamic chemist, Aleksandr Borodin (1833-87). 


The 19th-century assumption that there was one unique structure for each 
compound was soon found wanting 1n the 1dentification of tautomer1sm, 1n 
which a compound fÏlips from one sfructure to another. As chemists became 
more familiar wIth the electron, notably after GŒ. N. Lew1Is suggested that 
substances coupled together by cormpleting an ocfet of electrons 1n theIr outer 
electromic shells, Lapworth developed Ideas about electrons moving through 
double-bonded orgamic compounds under the Influence of other polar1zed 
elements or compounds. In some ways this represenfed a return to Berzel1us' 
earlier electrochemncal theory. 


Lapworthˆs Ideas were adopted and extended by the Oxford chemnist Robert 
Robinson 1n the 1920s, and 1t was he who 1ntroduced the ubiquitous and 
1comic curved arrow symbolism for electron movemert 1n 1922. However, 
Robinson was not øreatly Interested 1n electromc theory except as an adJunct 
to understanding the structures of natural productfs, and he left 1t to his 


London rival Ingold to use the electromic theory to cÏass1fy organic reactfion 
mechanisms gøenerally using kinetics, specfroscopy, and other tools. 


Ingold introduced a kinetic terminology of substItution and elimination 
reacfion mechanIsms 1n a review paper 1n 1934, and 1n his subsequent 
magnum opus Sfrzw„cfure and Mechanism in @rganic Chemisfry (1953). HIs 
collaboration w1th a Welsh colleague Edward Hughes (1906—63) became on 
a par with that of Liebig and Wöhler a century before, thouph 1t should be 
noted that mụch of Ingold”s early theoretical work had been done with his 
wIfe, Hilda, a pupIl of Martha Whiteley. 


Meanwhile, at Columbia University in New York, Louis Hammetf used his 
knowledge ofphysical chemnstry to develop equations for acidity and rate 
constanfs that could be used 1n elucidating mechanistic pathways. HIs øenmius 
was to develop a simple way of measuring the rate constants ofreactions 1n 
orgamic chemnstry. This made 1t easler for chemisfs to determine particular 
mechanisms ofreactions. Hammetf”s pioneering textbook, Physical Organic 
Chermisfry (1940), althouph little known 1n Europe until a decade later, not 
only Introduced the term, but ensured that AmerIcan chemists would actually 
forge ahead of their European competIfors, as post-war Nobel Pr1zes clearly 
IindIcate. 


In 1946 American chemists held the first of an annual serIes ofreaction 
mechanism conferences and began to take over leadership In the ørowIng 
field ofphysical organic chemistry. European wars had led British 
posteraduates to abandon further studies 1n Germany; they now turned to 
America Instead. 


The chemists” wars 


The Great War of 1914—18 was the first conflict in whiích European chemnsts 
were Involved 1n both defensive and offensIve research. In 1914 Germany 
was still the world”s leader 1n chemical research and the suppÌy of 
chemicals. Consequertly, Britain had much catching up to do. The Chemical 


SocIety played 1ts part throuph 1ts library, which proved a valuable resource 
Oof1nformation on pure and applied chemnstry. 


The SocIety (like other learned socIeties) found 1fself mired In controversy 
as to whether honorary German Fellows should be stripped of the1r 
membership. The Council”s decIsion not to do so caused w1Idespread 
cr1fIcism and controversy 1n the press; In 1916 the Council capitulated and 
the names of Baeyer, F1scher, Nernst, and Ostwald (to name the mostf 
đistinguished German chemisfs) were removed. lt was not until 1929 that 
four of the survIving names were re-elected, and that new Œermans and 
Ausfrian chemists were admitted. Strangely, there seems to have been no 
recIprocal action by the German Chemical SocIety. Despite the government”s 
action 1n making qualified scIenfists reserved occupafions 1n 1915 (followIng 
the tragic death of the chemist Henry Moseley that year), some eiphty-three 
British chemists lost ther lives on the battlefields of Europe. 


The war that erupted 1n 1914 1s popularly known as “the chemnstsˆ war ` 
because ofthe use ofpoIsonous øas warfare. In fact, less than l per cent of 
war casualtles were directly attrIbutable to the use ofchemical warfare, and 
the phrase was first used In 1917 to describe the way chemnstry had been 
marshalled to place Great Britain on a war footing. By analogy the 1939-45 
war has been called “the physicIstsˆ war” because ofthe effort that was 
placed upon makIng an atomic bornb. In fact, chemists were closely involved 
1n the separation of uranrum 1sofopes and 1n the manufacture of heavy water. 
And without therr skills there would have been no borrb. 


In both world wars the chemical 1ndustry was dominated by the drive to 
Improve and raIse production levels of conventional high explosIves and 
metal production for cannon. The petroleum soap (napalm) devised by the 
Harvard chemist Louis FIeser (18991977) killed more Japanese than the 
afomic weapons that destroyed Hiroshima and Nagasaki combiIned. Its use 
during the Korean War (1950—3) and the prolonged Vietnam war (195S—7S5) 
became a symbol ofthe evils of warfare and was responsible for a 
chemophobic swing agaInst chemistry that has had a lasting effect on popular 
culture. 


AlI 20th-century wars were chemistsˆ wars, because the blockading of 
shipping and the cutting of land supply routes forced both the Allies and the 
AXIs powers to find new ways of preparing mater1als that were 1n short 
supply or 1n 1nventing substitute materials. The best-known example 1s the 
scaling up ofthe Haber process for fixing mtrogen that could be used both to 
prepare mtric acid for use 1n explosive weapons and for the production of 
fertil1zers to aid food production. Its application to explosives was directly 
causecd by the Royal Navy”s blockade of German shippIng carrying Chilean 
mtre that had hitherto been the source ofboth fertilizer and explos1ves. 


Although Germany was able to scale up the Haber process In time, British 
chemists had been left in Ignorance and 1nstead Industrialized an older 
German process for “fixing” nitrogen by making calc1um cyanamide by 
passing mftrogen over calcrum carbide. Ammonia was then generated from 
the cyanamide by exposIng 1t to steam. Ammonia was aÌso extracted from 
urban gas planfs. In both Germany and Britain ammonia was then converted 
to nitric acid by a method that Wilhelm Ostwald had patented In 1902, 
whereby ammonia was oxidized 1n the presence ofa platinum cafalyst. 
Platinum was far too expensIve fo use In this process, and during the 1914— 
18 war German chemnsts found a cheaper caftalyst of1ron and bismuth oxides, 
thus enabling Germany to continue the war after 1916. 


On the ammunition front, chemists had to scale up production of var1ous 
aromafIc organic compounds for the manufacture of "NT, amatol, and lyddite 
for high-explosive shells as well as smokeless cordite as a propellant. In 
every case chemists were met w1th bottlenecks as one problem produced 
another. For example, cordite was made by mtrating cellulose to make 
guncotton. This was then mixed with mfroglycerine and petroleum Jelly. But 
to make the cordite suitably potable the mtroglycerine Jelly had to be 
đissolved In acetone before 1t could be extruded 1nto a tubular form. 


Howevcer, acetone, normally prepared by the distillation ofwood, was 1n 
short supply. The problem ofacetone production was solved by a chemnst at 
the University of Manchester, Chaim WEeIzmamn (I874—1952). He developed 
an acetone fermerfation process based upon brewery methods. Subsequently, 
a grateful British government signed the Balfour Agreement which gave 


Z1omsts like WeIzmamn a homeland 1n Palestine. We1zmann was one of the 
few chemnsts to have become president ofa nation. 


German chemnsts faced similar problems, as blockades that restricted cotton 
supplies meant that guncotton had to be prepared by an alternative method 
using raøs and wood pulp, and gÏycerine prepared from sugar fermenfation. 
Max Delbruck (1S§50—1919), a German brewery chemnst, devised 
fermentation processes whereby yeast could be used to produce animal feed. 
These were early signs ofthe application of chemnistry to the biotechnology 
that gaIined Industrial sipgmificance after the 1960s. 


Chemnsts also contributed to the 1Improvemert of ølass manufacture, because 
high-quality optical glass was needed for surveyIng Instrumenfs In warfare; 
dyestuffs were another area where Britain, which had lost out to Germany 
(and to France to a lesser extent) at the end ofthe I9th century, was forced to 
make 1fs own dye materials. Similar shortages ofraw mater1als were 
exper1enced 1n Germany and Turkey; w1thout đirect access to Far Eastern 
natural rubber, German chemists explored synthetic alternatives which øave 
theIr chemnsts a strong sfart In the new area ofpolymer research, which not 
only produced many new synthetic fabrics, but also proved of long-ferm 
value 1n øgaIning an understanding ofbiological chemical systems. 


The momentum ofwar-driven chemical research did not cease 1n 1918, nor 
địd tin 1945. AlI these examples, 1ncluding the use of chemical warfare, 
Were expressions of what John Agar has termed “organmized scIence and 
managed Imnovation". It 1s doubly 1romic that the German research on 
chemical warfare agenfts was promofed 1n peacetime 1n the production of 
1nsecticides; one ofthese, devised by Haber and named Zyklon B, was to be 
used to gas Jews 1n concertration camps during the 1940s. 


Women 1n chemnistry 


Probably the most Important consequence ofthe 20th-century wars was that 
strong links were established between governmert, the military, Industry, and 
academia. These continued throuph the short peace ofthe 1920s and 1930s, 


before becoming even more firmly established during World War II and the 
subsequent Cold War ofthe 1950s and 1960s. 


Warfare In the 20th century brought new opportumties for women chemnsts, 
most of whom were drafted Into fundamertal bench work needed 1n testing 
reacftions and synthesizing productfs of1mportance. Martha Whiteley (1S66— 
1956), who was to be among the first twenty-one woman elected to the 
Chemical SocIety 1n 1920, headed a team ofwomen at Imperial College In 
London that manufactured the local anaesthetic beta-eucaine, a derIvative of 
COCalne. 


Many more ordinary women were drafted 1nto the chemical 1ndustry to 
perform heavy manual work 1n the manufacture of explosIves. In the 
aftermath of war, the huse chemical 1ndustrIes built up by America, Germany, 
and Britain were not decommmssioned and dismartled. Instead they were 
merged to form large and powerful compamies. In Germany In 1925, BASE, 
Bayer, Hoechst, and other compamies formed IG Farben with 100,000 male 
and female employees; in America Du Pont expanded 1nto new areas of 
manufacture; while 1n BritaiIn, Imperial Chemnical Industries (ICI) was 
formed In 1926 from the merger of most of the surviving alkali and dyestuffS 
manufacturing compar1es. 


These 1ndustrial companies provided women chemistry øraduates w1th new 
Opportunities for employmert as they combined marrIage and family with 
scIentific careers. Until then, as male chemists” entrIes 1n bIographical 
đictionar1es confirm, they had tended to abandon research careers after 
marr1age to male chemnsfs they met durIng their training 1n posteraduate 
laboratorIes. 


The 1nstrumental revolution 


The most “creatIve toolmakerˆ of the 20th century was the AmerIcan 
blacksmith”s son, Arnold Beckman (1900-2004). As a teenager he became 
I1nterested In how microscopy and photography could be used to study the 


fine structure of metals; while still 1n high school he founded a company to 
make metallurgical 1nstrumerts. 


FollowIng a conventional chemical trainng at California College of 
Technology, he became struck by the fact that the productivIty ofthe local 
Orange-tree industry was dependert on soIl acidity. The logarithmic pH scale 
of acidity had been 1ntroduced by the Damish biochemist Soren Sørensen 
(1868—1939) in 1909 (pH stood for potential hydrogen 1ons, w1th zero for 
extreme acidity and fourteen for extreme basicity). Measurements ofpH 
1nvolved elaborate volumetric analys1s off site until Beckman packed 
everything 1nto a simple portable meter that calculated the pH electromcally 
(see FIgure l7). The device was patented In 1934 when he left academia and 
founded an 1nstrument company that not only manufactured Beckman pH 
meters but also absorption spectrophotormeters that found a use 1n the 
ørowing Industrialized food Industry. 


Beckman was 1n a øgood posItion when chemical practice underwent an 
I1nstrumerfal revolution 1n the 1950s. Infrared spectroscopy had begun 1n the 
late 19th century when two former British army officers who were working 
for the øovernmenf”s educational department detected correlations between 
Iinfrared spectra and the functional øroups oforganic compounds. In the early 
1900s the American physicIst WIlliam Coblentz published data on the 
spectra of over a hundred organic molecules. 


However, for varIous reasons these findings địd not lead to this form of 
spectroscopy beiIng used 1n structural determinations. This occurred 1n the 
1930s, when petroleum chemists found the need for a rapid way to 1dentIfy 
the different fractions of distilled petroleum. Infrared spectroscopy then 
became an essential tool as the world wars encouraged a swItch from coal to 
oIl as the principal feedstock for the chemical Industry. The adoption of 
ultraviolet and Infrared spectroscopy, nuclear magnefic resonance, and mass 
spectrometry transformed compounds 1nto an abstract artwork of spectral 
lines or curves by an electromic machine. 





17. Beckman Model G pH meter (1934). This cubic box (roughly a foot 
in width, depth, and height) was a voltmeter that used an acid-base 
responsive electrode to øgive a direct conversion of voltaøe differences 
to differences of pH at the temperafure of measuremení. lí was one of 
the first portable laboratory instruments available. With its hidden 
mechanism, it was also the first chemical “black box”. 


There were many consequences 1n the 1960s and 1970s. The new 1nstrumerfs 
Wwere expensive to purchase and mainfain, so academic research became 
even more dependernt on 1ndustrial and governmernt financial support; 
Interpretation of the data depended upon quantum mechamical considerations 
and this, coupled with the abandonmert of traditional methods of wet and dry 
analyses, forced changes 1n the way that chemistry was taupht. In France, for 
example, theorIes of atomc sfructure and the periodic table only made theIr 
appearance 1n secondary schools 1n 1978. 


Teaching laborafories 1n schools and universitIes were reshaped 1n these 
decades, and syllabuses were reconstructed so that far øreater emphasis was 
placed upon physical chemnistry, electromc structure, and quantum chemisfry. 
Svnthetic chemistry was no longer a tedious process to confirm a possIble 
structure, but became a logical way of strategIcally determining the strucftures 
ofever more complicated compounds, and even designing new mater1als 
from scratch. The understanding ofreaction mechanisms was also 
revolutiomized by the revelation ofthe roles played by “unstable” 
Iintermediates during molecular transformations. 


Finally, physical 1nstruments opened up the possIbility of better 
understanding ofbiochemical pathways 1n living systems and ofrevealing the 
extent ofpollution In the environmernt. Regarding the latter, the delicacy of 
the chemists” 1nstruments has made 1t possible for governments to legIslate 
and monmritor the dangerous products of our working worlds. 


Chemnstry s millennium 


The British historian John Agar has 1nterpreted the history of 20th-century 
sclence 1n terms ofproblems that arose 1n the everyday exIstence ofhuman 
life such as warfare and health. Since the 1950s universities have ceased to 
be purely academnc 1nstitutions (“1vory towers”) devoted to the teaching and 
promotion of1ndividual disciplines. In our contemporary “post-academnc' 
world they have become I1nter and transdiscIplinary, as well as utIÏItarian, 
1nstitutions. Like 1ndustry and business øeneralÏy, universities now have to 
make money and are consequertly directed by politics and economcs. 


This has been no bad thing for chemistryˆs fortunes 1nsofar as 1t has made 1s 
certfral role 1n the circle ofthe sclences much more promnnert; 1t has become 
an essential sclence. The Japanese historian ofpolymer scIlence Yasu 
Furakawa has described molecular biology, for example, as a fusion of the 
methods, technmiques, and concepts of orgamic chemistry, polymer chemnsftry, 
biochemnstry, physical chemistry, X-ray crystallopraphy, genetics, and 
bacterioloøy. Much the same mipht be said of the synthetic mater1als and 
technology that now dominafe our compufter1zed man-made world. 


Epiloøue 


The introduction of electromic 1nstrumerfs 1nto analytical and synthetic 
chemnstry 1n the 1960s 1s an appropriate poInt to conclude this short account 
of the history of chemnistry. Of course, the subJect has not stood stilÏ during 
the pasf sIxty years. 


On the negative side, the chemists” wars ofthe 20th century had already 
coloured public perception of chemistry as a destructive scIence; this 
perception ofchemnstryˆs ambivalence was further exacerbated by a more 
general chemophobia produced by revelations ofthe pollution traIls left by 
heavy 1ndustry, the wIdespread use of pesticides 1n agr1culture and veferInary 
medIicine, and the devasfating explosion of a chemical plant in Bhopal 1n 
1984. 


'Whnle the historian can take a long-term view ofthis Iimage problem, namely 
that chemistry has always been associated with rIsk and that explosions and 
pollution have been recurrent events, new analytical techmques and r1sk 
assessment legIslation are undoubtedly having a remedial effect. Instrumerts 
like James Lovelock”s miniature electron-capture detector ofthe 1950s 
played a maJor role 1n revealing the extent of man-made pollution and 1s 
alarming effects on the protective atmospheric ozone layer, and the potential 
of carbon dioxide emnssions for disturbing clImate. 


More posiftively, computers replaced the laboratory notebook, and with theIr 
aId chemnists began to study perfect three-dimensional structural models and 
design new molecules on the screen. This ability has led to new ways to craft 
drugs that can InhibIt undesirable metabolic processes. CombInatorial 
chemistry was developed by pharmaceutical compamies 1n the 1990s. By 
reacting together multiple 1neredients rather than single ones, huøe numbers 
ofcompounds and ther derIvatives were created 1n one reaction and the 
resultant “libraryˆ ofcompounds screened for possIble use as drugs. 
Pharmaceutical compames have spent millions of pounds on automating these 
syntheses and the preparation of1ndividual compounds are only scaled up 
when a promising molecule 1s detected. 


The AmerIcan chemnst L. R. Corey also 1ntroduced what he called 
retrosynthesIs 1n the 1990s. In this technique, the substance whose structure 1s 
to be determined and synthes1zed 1s broken down Into simpler molecules 
whose sfructures are known and whose 1ndividual synthesis has been already 
achieved. This knowledge can then be used to plan a synthesis ofthe wanted 
molecule. While mainly used In pharmaceutical research and drug desIgn, 
these latest synthetic techmiques have also had aesthetic appeal with 
syntheses beIng attempted and achieved purely for 1ntellectual enJoymert. 


Chemists have also continued to make extraordinary, surprIsing, and useful 
điscoverl1es. Carbon, for example, was shown 1n 1985 to have an allotropIc 
form different from 1ts known varIeties of praphite, diamond, and charcoal. 
Thịs new form, which contained sIxty atoms of carbon formed In the shape of 
a football, was cumbersomely named Buckmnnsterfullerene 1n honour of the 
AmerIcan architect who had devised the similarly shaped geodesic dome. 
Fullerene and 1ts derivatives (some 1n the shape of cylinders called 
nanotubes) quickly became the subJect of much synthetic research. 


Even more sensationally, in 2003 a one-atom-thick two-dimensional form of 
øraphite was prepared consiIsting of flat sheets of hexagonally ringed carbon 
with valuable electrical conduction properties. Named øraphene, 1t has been 
quickly put to work 1n the creation ofnew extremely light construction 
mater1als and faster semiconductors. By analogy, chemists have found that 
graphene-type allotropes can also be formed by phosphorus (phosphorene), 


s1licon (silicone), øermanium (germanene), and arsenic (arsenene). Needless 
to say, like 1sotopes a century ago, the exIstence, or creafion, ofsuch diverse 
allotropes raIses the philosophical question as to what chemists mean by an 
elemert. 


A new technology has emerged, nanotechnology, which refers to the 
manmipulative transformation of matfer at an atomic or molecular level. This 
was something that chemists had always done before at a macroscopIc scale 
through analysis and synthes1s; now this can be carried out at the nanoscopIc 
scale, atom for atom. Here quantum effects become 1mportant and confer 
extraordinarily valuable properties on mater1als——optical, electrical, and 
structural. The resultant “materials sclence” concentrates on the synthesis and 
construcfion of molecules of commercial, 1ndustrial, and pharmaceutical 
SIpmIflcance. 


The exploration ofthis atomic material world involves not Just chemisfs, but 
biochemnsts, physIc1sts, and engineers. Ín an age ofcross-discIplinary, 
transdIscIplinary sclence and technology, several historIans, socIologIsts, 
and philosophers of sclence have queried whether the concept of distinct 
scIentific disciplines like chemistry, physIics, and blology serves a purpose 
any longer. According to this view, chemistry has metamorphosed 1nto 
biochemnstry, biotechnology, nanotechnology, and mater1als sclence. DrIven 
by technoloøgy, 1t has dissolved Into a servIice sclence. 


While there are sound argumenfs for this view, which has 1Implications for the 
way the sclences are presently taught in schools and universIfIes, pracfIsing 
chemists prefer to see chemistry as the central scIence that underpins the 
physical and biological sclences. Far from dissolving, 1t has, 1n effect, taken 
over these other disciplines. As Liebtg satd In hIs popular wrifIngs 1n the 
1840s, “Alles 1st Chemie——everything 1s chemnstry. 
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